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INTRODUCTION 
Four Pennsylvania anthracites were selected for analysis, based on their availability from 
currently active mines and presumed geological differences. A battery of experiments was 
performed on these samples to determine their physical and chemical properties. Tbc data 
collected from these experiments was used as input for modeling the structure of anthracite using 
Cerius’, a Molecular Simulations Incorporated (MSI) software package. Visualization of 
anthracite structure is useful in visualizing the reactions necessary to produce advanced carbon 
materials, such as graphite, from anthracite. 

EXPERIMENTAL 
The anthracites come from the Harmony, Jeddo, LCNN, and Summit mines, all of which mine 
the Eastem Middle Field of Pennsylvania. LCNN and Jeddo mine the Mammoth vein; Harmony, 
the Lykens Valley #2; and Summit, the Tracey vein. No blending of coals is done at these 
plants, ensuring repeatability of data collected on the anthracites. Approximately 1000 Ibs. of 
each anthracite were collected and a subset homogenized using techniques outlined by Glick and 
Davis of the Penn State Coal Sample Bank and Data Base [I]. The end products of this process 
were aliquots of -20 and -60 (US. Standard Sieve) mesh anthracite stored in foil laminate bags 
under an argon atmosphere [I]. Next, chemical and physical data were collected using X-ray 
diffraction, ”C NMR, proximate and ultimate analysis, maceral point counts, CO, surface area, 
and helium density. Values for aromaticity, H/C ratio, and interlayer spacing were used in 
generating possible anthracite structures using MSI software [2]. 

RESULTS 
Ultimate and proximate analysis results are presented in Table 1 and Table 2, respectively. With 
increasing carbon content there is a decrease in the hydrogen content, as expected. This is 
indicative of ring condensation with concurrent loss of hydrogen. When normalized to 100 
carbon atoms, Summit has the highest hydrogen content with 32 hydrogens per 100 carbon 
atoms while LCNN has the lowest with 19 hydrogen atoms per 100 carbon atoms. Table 2 
shows relatively equal amounts of ash and volatile matter, except for the Summit anthracite, 
which has nearly twice the levels of ash in comparison to the other samples. High levels of 
mineral matter, as indicated by high levels of ash, are undesirable for graphite production [3]. 
The maceral compositions are shown in Table 3. The category “other inertinite” was used when 
the optical differences between fusinite and semi-fusinite could not be distinguished. Maceral 
composition is usually an important parameter as macerals are known to have different chemical 
structures which may lead to different levels graphitizability [4]. X-ray diffraction, diffractogram 
shown in Figure I ,  was used to determine the distance between aromatic sheets in d-spacing. 
The XRD diffractogram of the Jeddo sample indicates d-spacings range from 12.91 to 2.57 nm in 
the identifiable peaks. ”C Single Pulse NMR, Figures 2, was used to determine the aromaticity 
of the samples. All the anthracites studied where found to be 100% aromatic. 
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DISCUSSION 
Using the chemical data, a hypothetical structure for the Jeddo anthracite was generated and 
minimized using molecular mechanics (Drieding force-field [ 5 ] ) ,  see Figure 3. The parameters 
utilized in generation of the model were %H, %N, %0, d-spacing, aromaticity, and number of 
rings in an aromatic, or pre-graphitic sheet. The atomic H/C ratio determined from the ultimate 
analysis (WC=0.22) and calculated from the model (WC=0.22) are in agreement. Unfortunately, 
the relative proportions of quartenary, pyrollic, and pyridinic nitrogen have not been determined 
for anthracite. Therefore it was assumed the nitrogen was present primarily in the quartenw 
form (9 of the 11 nitrogens are quartenary in Figure 3). presumably from the condensation of 
smaller pyridinic containing sheets. Oxygen was assumed to be in open or closed ethers with 
perhaps some carbonyl. AS there are only 18 heteroatoms‘per 1010 carbons in the proposed 
anthracite, any errors in their assignments will have a minimal impact on the gross smctllre of 
the model. However, their assignments and placements may well have a bearing on the reactivity 
of the S ~ N C ~ U E .  
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Past research has shown graphitized anthracites have crystallite heights of <36.8 nm, therefore 
the raw anthracite modeled here was generated with heights significantly lower than 36.8 nrn 
[6]. The anthracite model shown in Figure 3 is approximately 45 A across (plan view) and 
approximately 15 A high. Average d-spacings between the sheets fall within the acceptable 
experimentally determined range, approximately 4 A. However, the structure shown has not 
been subjected to molecular dynamics (thus may be trapped in a local minimum) nor does the 
force-field used contain an implicit x - x interaction term. Furthermore, the model was 
minimized in a vacuum and has not experienced high pressures or interactions with neighboring 
sheets, which may be important in the overall structural alignment. Hence the structural 
representation is a product of less accurate modeling methods (due to model size restrictions on 
quantum mechanics and computational expense). 

Anthracite 
LCNN 
Jeddo 

Harmony 
Summit 

Ring condensation in anthracite is believed to be between >IO and 100 (rings per sheet) [7], so 
the number of rings in a polycyclic sheets shown in Figure 3 is a maximum of 91 and minimum 
of 47 rings. Combining the chemical data with stated assumptions resulted in a simplistic 
structure for the Jeddo anthracite, Figure 3. The model contains five pre-graphitic planes with an 
average of 81 rings comprising a sheet. The beginnings of graphitic stacking are apparent, 
Figure 3. The aromaticity of the model is 99%. while the experimentally determined aromaticity 
is 100%. Recall that the model is in agreement with the elemental composition. Hence the 
model is in close agreement with the chemical data determined to date. Incorporation of physical 
data, such as helium density, and additional chemical data will further refine the structure [SI. 

% C  Yo H % N  % S % 0 (by diff.) 
95.7 1.5 1.2 0.5 1 .o 
95.2 1.8 1 .1  0.6 1.3 
94.0 2.2 1.0 0.5 2.3 
93.2 2.5 1.6 0.6 2.2 

Anthracite 

LCNN 
Jeddo 

Harmony 
Summit 

% Moisture % Volatiles % Ash Fixed 
Carbon 

3.3 4.5 6.7 88.3 
4.7 6.1 8.1 85.9 
4.6 7.5 6.6 86.2 
2.6 1 1 . 1  17.6 71.2 
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Table 3. Maceral Percentages (from point counts) 

Anthracite 

LCNN 
Jeddo 

Harmony 
Summit 

Vitrinite Fusinite Semi-fusinite Other Liptinite 

80 10 I 2 1 
86 6 5 2 1 
60 24 14 1 1 
80 15 4 0.5 0.5 

Inertinite 

I !  I 

P 
3 ~ 0 - - ~ ' : ~ - ' - J ~ . O  ;;.; ' 4i.O ' k!.O ' 4d.0 ---7---,-l-.-~ 51.0 57.0 
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Figure 1 .  XRD Diffractogram Of Jeddo Anthracite 
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Figure 2 "C CPMAS Spectra Of Jeddo Anthracite 
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Figure 3. Plan And Side Views Of A Simplistic Model Of Jeddo Anthracite. C,,,&,O&, 
Heteroatoms shown as spheres. 
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INTRODUCTION 
It is believed that the oxygen- 

containing functionality in coal plays very important role to control its physical and chemical 
properties. Particularly, since a carboxylic acid and phenolic hydroxyl functionality have a 
relatively strong acidic characteristic comparing with other functionality such as alcoholic 
hydroxyl functionality, they can induce strong cohesive forces like a hydrogen bonding, 
which seems to be responsible to determine many characteristics of coal based on the 
macromolecular network structure. Thus, it is critical to have the quantitative information 
about such functionality as carboxylic acid and phenolic hydroxyl functionality in coal or coal 
product in order to develop the efficient chemical transformation processes of coal such as a 
liquisaction, gasification, chemical desulfurization, etc.. 

It has long been a common sense in the coal science community that the hydrogen 
bonding contribution by carboxylic acid functionality to the chemical and physical property of 
coal could be almost negligible toward the high ranked coals like a bituminous coal, simply 
because of the very small amount of the functionality, which used to be determined by the 
chemical method developed by Blom et al.[l] about 40 years ago. 

Although the recent development of sophisticated instrumentation such as FT-IR, 
13C-NMR, XPS, etc., has made it possible to provide quite reliable information about such 
hetero-atom-functionality as sulfur-, nitrogen- and oxygen-containing functionality, they still 
seem to fall into a common problem, that is, the low accuracy to determine a small amount of 
the functionality. 

Recently, we had developed a chemical method 121, using following chemical reactions. 

in pyridine solvent 
(R=Aryl ,Alkyl)  

Coal contains various type of chemical functionality. 

R-COOH t n-Bu4NBH3 R-COOn-Bu4N t BH3 t H2 

This method has several advantages compared to the conventional one mentioned above. 
First of all, this reaction proceeds quantitatively with a single step in pyridine solution 

generating a gaseous product, H2, which, gives us much better accessibility of the chemical 
reagent to the carboxylic acid functionality buried into macromolecular network structure of 
coal than in aqueous solution reaction(cf. Blom’s method) based on the swelling behavior, 
and also a reasonable accuracy due to the volumetric determination of the gaseous product 

Secondly, this reaction exhibits a significant difference of the reaction rate depending upon 
the acidity of functionality, which makes easy to distinguish other functional groups such as 
phenolic and alcoholic hydroxyl functionality by using more reactive chemical reagents. 
Figure 1 demonstrates one of the examples of our experiment [3], which were camed out by 
using n-Bu4NBH4, LiBH4 and LiAIH4 as reactants, and determined the distribution of 
oxygen functionality in the pyridine extract of coal. Although we have not enough data 
concerning the difference of functionality between coal and pyridine extract at present 
moment, 8.0fold difference between our data and previous one [4] seems to be too much and 
quite interesting. 

Most striking experimental result came out from the -COOH determination for 
various kind of coals, as shown in Figure 2, which demonstrates the coal rank dependency 
of the Z O O H  content, comparing the data previously reported[S]. Very interestingly, there 
is a quite large discrepancv in the range of high rank coal. This fact convinced us that our 
approach to develop more reliable chemical determination method could he right, because the 
coal swelling in water used to he dramatically decreased over higher rank region than sub- 
bituminous coal. 

As Niksa pointed out in his recent personal communication and paper [6], it was well- 
known contradiction that the most of the CO2 released during the pyrolysis of sub- 

(HZ). 
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bituminous and bituminous coals could not be rationalized with the uni-molecular 
decomposition chemistry of carboxylic acid functionality in coals. Because the amount of 
carboxylic acid functionality reported in the raw coal was too small to handle it. 

In order to verify the analytical data obtained by our new methodology, we have 
conducted a non-aqueous titration as an alternative method. In this paper, we like to report 
the experimental results 

EXPERIMENTAL 
The chemical reagents were commercial products (Aldrich's gold label grade) which 

were used without further purification. Pyridine for the chemical determination of carboxylic 
acid functionality was dried over calcium hydride and distilled before use. 

Coals from the Argonne National Laboratory (premium) and the Ames Coal Library 
were ground, seized, and dried with a silica-gel at room temperature under vacuum for three 
days, and stored under a dry nitrogen atmosphere. The pyridine extract of coal was 
prepared by means of the ultrasonic irradiation method [7]. 

A typical procedure of the non-aqueous titration of carboxylic acid and phenolic hydroxyl 
functionality in coal extract was as follows: lOOmg of coal extract was dissolved in 5.0ml of 
dried pyridine, and placed into a Pyrex cell under N2-atmosphere which has an Pt-electrode 
and magnetic stirrer. The solution was potentiometrically titrated with a pyridine solution of 
n-Bu4NOH (0.lmoUl). 

RESULTS A N D  DISCUSSION 
1. Non-aqueous t i tration of model compounds 

Benzoic acid and 2-naphthol were used as model compounds for carboxylic acid and 
phenolic hydroxyl functionality, respectively. The non-aqueous titration of each functionality 
was canied out in pyridine solution by using n-Bu4NOH (O.lmol/l) pyridine solution as a 4 
titrant. The reaction is considered to proceed with following chemical equations. 

-COOH(or Ph-OH) + n-Bu4N+ OH- - -COO-n-Bu4Nf t H20 

Figure 3 shows the dependence of a potential difference on the titrant volume 
observed in the determination of individual model compounds, benzoic acid and 2-naphthol, 
and that of these mixture is shown in Figure 4. Obviously, there are two inflection points on 
the titration curves of mixture, and it was confirmed that they were appearing at exactly right 
volume of the titmnt corresponding to thc concentration of carboxylic acid (the first inflection 
point) and the sum of both compounds (the second inflection point), respectively. 

2. Non-aqueous titration of pyridine extract  of coal 
Based on the results obtained from the model compound experiment described above, the 

determination of carboxylic acid and phenolic hydroxyl functionality in the pyridine extract of 
Pittsburgh No.8 coal has been performed by using the same procedure. The results 
demonstrated in Figure 5 and 6 

Comparing with model compounds experiments mentioned above, a characteristic 
feature seems to be the difficulty to judge one of the two inflection points, which is thought 
to be due to the carboxylic acid functionality in coal extract. Although the reason of this 
phenomenon is not clear at this moment, the indistinct pKa distribution due to heterogeneous 
carboxylic acid functionality in coal may be responsible for that. 

Anyway, the concentration of carboxylic acid and phenolic hydroxyl functionality in 
the pyridine extract of Illinois No.6 coal was determined by the same manor as shown in 
Figure 6 ,  and they are compared in Table lwith those obtained from our chemical method 
(Aida's method) previously reported[2]. 

It is quite interesting that the values calculated from the two infection points seems to 
be reasonably matched with those of the chemical determination. Particularly, we have 
convinced the matching between the sum of carboxylic acid and phenolic hydroxyl 
functionality determined by the chemical method (LiBH4) and the value obtained from the 
second inflection point, which used to be clear and have no difficulty to find out. 

3.  Non-aqueous titration of pyridine extract  of coal with internal standard 
In order to verify the data obtained by the non-aqueous titration, we may be able to 

use an internal standard compound. Namely, the addition of a standard compound, such as 
phthalic acid into the coal extract solution will force to shift the two inflection points with the 
titrant volume corresponding to the amount of the standard compound, if the identification of 
two inflection points was correct. 
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In Figure 7, the experimental results obtained were shown. Expectedly, the inflection 
points were shifted with exact amount of the titrant volume corresponded to phthalic acid. 

CONCLUSION 
A chemical determination method (Aida’s method) for the oxygen containing 

functionality in coal and coal product has been verified by using an alternative analytical 
technique, “non-aqueous titration”. 

It seems to be a very serious mischief concerning the content of the carboxylic acid 
functionality in higher rank coals than sub-bituminous coal in previous literatures, which 
used to be reported as a almost negligible amount. In according with our chemical 
determinations the content of carboxylic acid functionality in Illinois No.6 coal reach up to 
5times more than previous data. 
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Table 1. Functionality analyses of pyridine extract of Illinois No.6 coal 
~~ 

Functionality Aida’s method Non-aqueous titration 
(mmol I g )  

-COOH 0.83 (n-Bu4NBH4) 0.88 (1st inflection point) 
Ph-OH + -COOH 2.90 (LiBH4) 2.76 (2nd inflection point) 

: 

I 
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Figure I .  Dbtribulion of wygen functionality in pyridine extnct 
of Illinois No.6 based on total oxygen 

Figure 3. Non-aqueous tilralion of model compound 4. NOn-aqUeOuS titration of model compound mixture 

c 
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Figure 5. Non-aqueous titration of pyridine extract of Pittsburgh No.8 
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I 

Figure 6. Non-aqueous titration of pyridine extrkt of Pittsburgh No.8 

I 

Titrant volurne(ml) 

Figure 7. Non-aqueous titration of pyridine exlracl of Pillsburgh No.8 with inlemal 
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ABSTRACT 

The objective of this study is to examine changes in the structures of coals, asphaltenes, and 
polymers in situ with small angle X-ray scattering (SAXS) during thermal treatments. We have built 
a SAXS instrument at the Basic Energy Sciences Synchrotron Radiation Center at the Advanced 
Photon Source that allows us to obtain scattering data on very small samples and in the millisecond 
time domain. The Argonne Premium Coal samples, petroleum derived asphaltenes, and polymers 
with functionality to model fossil fuels were used in this study. The information that can be derived 
from these experiments includes: changes in fractal dimensionality, surface topology, and size and 
type of porosity. The information is correlated with other methods on the same samples. 

INTRODUCTION 

Small angle scattering is a good method to observe features such as porosity and surface properties 
of disordered systems over broad length scales. This non-destructive technique is useful for in situ 
analysis and with the advent of third general light sources with high photon flux, rapid data 
acquisition is possible. The nature of the porosity of a suite of 15 coals has been studied by SAXS 
and the results compared to adsorption techniques.' Coal pyrolysis followed by gasification has been 
followed by SAXS. They found that upon pyrolysis there was an increasein micro and meso pores? 
SAXS investigation of pore sizes of Canadian coals and their chars showed that reactive chars from 
low rank coals have greater pore ?dumes compared to the coals, while the opposite effect is seen 
for less reactive chars from higher rank coals.' The fractal pore structure of raw and heated brown 
coals was studied by All of these were done with lab instruments. Synchrotron sources 
allowed faster data acquisition such that in situ experiment are facilitated such as the dynamics of 
solvent swelling? The Argonne coals havc been looked at by a number of temperature programmed 
techniques such as TCA-FTIR,6 TGA-MS,' Py-FIMS,8 Py HRMS? PMRTA," and IGC." These 
results will be used to help interpret data from temperature programmed (TP) S A X S  of the Argonne 
Coals, resids, and polymers. 

EXPERIMENTAL 

The eight Argonne Premium Coal Samples were used without modification in this study.'* The 
ethylene [I] and oxymethylene [II] linked polymers have been used as possible  model^.'^.^^ More 
recent studies have looked at ethylene linked benzene with [IIIl and without carboxylic acid groups 
[N].'5,i6 The purpose of this later study was to examine the possible role of carboxylic acids to form 
crosslinks in low rank coal pyrolysis. The SAXS instrument was constructed at ANL and used on 
the Basic Energy Sciences Synchrotron Radiation Center CAT undulator beamline ID-I2 at the 
Advanced Photon Source (http://www.bessrc.aps.anV). 

Quartz capillaries ( 1  mm) were used to sample S mg of -100 mesh coal or polymer. Scattering 
patterns were obtained as the sample is heated from 25-600 "C. Monochromatic X-rays (8.5 - 23.0 
keV) are scattered off the sample and collected on a 19 x 19 cm2 position sensitive two-dimensional 
gas detector. More recent data are taken using a 9-element mosaic CCD detector (IS x IS cm) with 
maximum of 3000 x 3000 pixel resolution. An advantage of this new detector is that unlike the wire 
detector, the full beam from the undulator can be used which gives a factor of 1000 increase in 
intensity. The scattered intensity has been corrected for absorption, the empty capillary scattering, 
and instrument background. The differential scattering cross section has been expressed as a 
function of the scattering vector Q, which is defined as Q = (4drZ) sin 8, where A. is the wavelength 
of the X-rays and 0 is the scattering half angle. The value of Q is proportional to the inverse of the 
length scale The instrument was operated with two different sample-to-detectordistances, 68.5 
cm to obtain data at 0.04 < Q < 0.7 A-' and 3740 cm to measure at 0.006 < Q < 0.1 A-'. 

Small Angle X-ray Scattering 

A typical plot ofthe time temperature-resolved data forthe pyrolysis of the Illinois No. 6 bituminous 
coal (APCS 3) is shown in Figure 1. These curves can be analyzed to determine size of features, 

r 
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topology, and changes in total scattering. Power law slope from the data, such as is shown in Figure 
1, are used to describe the topology of the system. Finally, the invariant Qo is calculated and is 
proportional to the fluctuation of the electron density in the system. Changes in the invariant are 

usefulinmonitoringtopologicalchangesin thesample, Qo = JomI(Q) Q2  dQ. Forexampk the 
invariant goes to zero for a homogeneous system that does not have any concentration fluctuation. 

RESULTS AND DISCUSSION 

The results from the TP SAXS are initially best understood by comparing them to results from other 
techniques and by looking at the various trends observed between the different rank premiumcoak. 
An example of the scattering curves as a function of Q is shown in Figure 1 for the Illinois 
bituminous coal (APCS 3). To avoid confusion, a few selected curves are drawn to represent the 
changes seen as the sample heats up. An obvious feature that is seen for the low rank coals but is 
most pronounced with the Illinois coal is the increase in scattering over an intermediate temperature 
range. This result is best observed in the changes of the invariant with temperature which is shown 
in Figure 2. There is a rapid increase in the Q, at - 130 “C where most likely water is being driven 
off. This could result from structural reorganization of the macromolecules in coal. These structural 
changes are common with the coals of < 80% carbon, but are not seen in the higher rank coals. 
However, the role of water release is not the only factor since the lignite and subbituminous coals 
have a greater water content and yet the effect is much less. The structure change is more than just 
a physical swelling of the structure since the free swelling index of this coal (4.8) is much less than, 
for example, the Upper Freeport (APCS I), which has a FSI of 8.5.’* 

With the Upper Freeport, the increase in Qo is not observed, but instead shows the transitions at the 
softening and fluidity points. Normally the approaches used to look at these transitions are plasticity 
or fluidity measurements and inverse gas chromatography (IGC). A comparison of the SAXS and 
ICC data are shown in Figure 3. One expects the IGC transition to occur at a lower temperature 
since the heating rate was in hours compared to the total heating time of 10 min. for the SAXS data. 
However, note that the slope is the same (dashed line). In IGC, this slope is used to calculate the 
enthalpy of adsorption which for APCS 1 is 12.5 kcal/mole.” These values increase with rank of 
the coal in the bituminous range. The trend in Qo is also similar and is indicative of the increase in 
homogeneity of the system at these temperatures as the coals are becoming fluid. The low rank coals 
which do not become fluid show much different trends in Qo at these higher temperatures. 

The changes in the power law slope can be correlated with TGA results under the same heating rates. 
For bituminous coals, such as the Illinois No. 6 and Pocahontas, there is a reasonable correlation as 
shown in Figure. 4. However, for the low rank coals, the changes in d, is much different and actually 
may have increased instead of decreasing with temperature as seen in the higher rank coals. One 
possible explanation for this is the fact that these coals are still early in the coalification process and 
what may be occurring is an accelerated coalification process. Part of this process may be the 
establishment of increased crosslinks instead of decreasing crosslinks, which normally occurs in the 
pyrolysis of bituminous coals. This has been suggested in other studies.” Recently, model polymers 
with carboxylic acid functjonality have been studied to try to understand this crosslinking 
phenomena. Later, we will discuss the results of TP SAXS on the polymer. 

In Utah coals (APCS 6). the d, decreased at a much lower temperature than the other bituminous 
coals. This has also been observed for this coal by proton magnetic resonance thermal analysis 
(PMRTA). It has been suggested that the increased mobility observed is due to the liptinite macerals 
in this coal (which is rich with resinites, 75%) at lower temperatures. Our SAXS data wouldconfirm 
this conclusion. The volatile release of the coal is not unusual but the increase in extractability with 
heating is much greater than other bituminous coals of similar rank. The resinite musf have a 
synergistic effect on overall thermal degradation of the macromolecular matrix. 

To better understand TP SAXS results for the coal samples, four polymers which represent various 
potential structures and functionality in coals have been examined under the same conditions as the 
coal pyrolysis. For both the naphthalene based polymers [a and [a, the structure changes at much 
lower temperatures than coals. However, as expected, the oxymethylene linked polymer [D] is the 
most reactive. In both polymers, a broad feature between Q = 0.1 to 0.3 emerges at high temperature 
which would be the formation of larger polycyclic aromatics. The PyHRMS has shown that these 
polymers, especially [II] undergo secondary reactions to form strong Ar-Ar links which can lead to 
larger polycondensed aromatics. 

The polymers from ORNL behaved much differently. For [IFJ with carboxylic acid functionality, 
the Q, did decrease but not nearly as much as seen in [I] and [a. The structure seen by SAXS for 



the hydrocarbon polymer [IV] appeared to be very stable over the temperature range studied even 
though it is known that the solubility increased with increasing temperature." However, up to about 
475 "C these polymers showed no weight loss in TG analysis. The most direct comparison is 
between I and W .  which have the same linkages but differ in the aromatic ring, where the 
naphthalene [r] appears to be much more reactive. 

CONCLUSIONS 

Structural changes upon pyrolysis are observed in the SAXS data for coals and polymers. These 
changes can be correlated and contrasted with a number of other thermal analytlcal methods on the 
same coal and polymer samples. The results are very rank dependent with the lower rank coals 
showing variations over the entire temperature range. The naphthalene based polymers are much 
more reactive than the benzene-ethylene linked polymers and appear to give more secondary 
transformations. 
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USE OF INTRA- AND INTER-MOLECULAR MODELS TO SIMULATE THE WIDE 
ANGLE X-RAY SCATTERING OF COALS. David L. Wertz, Department of Chemistry & 
Biochemistry, University of Southern Mississippi, Hattiesburg, MS 39406. USA. 

INTRODUCTION. Hirsch et al.,' using the terminology of diffraction where d = ?./2 x sine for 
first order reflections in the x-ray experiments, assigned this peak to the average distance between 
layers which were proposed to contain the poly-cyclic units at the molecular level in coals. Using 
copper K, Xrays, they found this peak (quite broad) to occur at 20  = 25", corresponding to <d> = 
3.5 A. Their proposal of layering, at the molecular level in coals, has been verified, both by 
nlo~ecular modeling' and x-ray analysis using more modern equipment and several of the Argonne 
Premium Coals,' but their the use of ideal diffraction concepts to define structuring in coals is 
troubling because coals are not crystalline. 

An alternative method for relating the measured x-ray intensities, which now may be accurately 
obtained using modern quantum counting equipment and computer-controlled data acquisition 
and processing method, has been utilized by our group.'.' 
intensity, which is a series ofbroad maxima and minima, with the average short-range structural 
unit in the coal and has been illustrated in the scattering studies of liquids, solutions, and 
amorphous solids. The Debye relationship correlates the structure of any molecular-level species, 
averaged of time and space, with the simulated wide angle phase interference curve caused by that 
species by: 

where nab is the number of a-b atom pairs which occur at the distance r, in the structure, f,(q) and 
fb(q) are the scattering powers of atoms a and b. respectively, and q = [ I  x x1 A] xsin 
several of the Argonne Premium Coals, the average intra-molecular structural unit, (i.e , the 
average PC and its attachments) have been reasonably well identified;',* so the nab's and the Tab's 
for the average intra-molecular structural unit may be determined using three-dimensional 
geometry and then used to calculate the simulated phase interference curve for that coal using the 
Debye equation. This has been accomplished for several coals.' 

The actual phase interference curve, i(q), may be obtained from the wide angle x-ray scattering 
(WAXRS) experiment. The comparison ofj(q) to i(q) allows a judgement in the validity of the 
structural model used to calculate j(q), i.e., the array of nab's and the r,<s that define that model 
The comparison may be quantified by. 

The lower the value of T, the better the agreement between the experimentally measured phase 
interference curve and the phase interference curve calculated from the model. 

Solum et al propose that the average poly-cyclic unit in Pittsburgh #8 (PIT) coal is ca. C,, with 
four attachments.' Shown in Figure 1 is the simulated phase interference curve calculated for the 
C,, unit. Also shown in Figure 1 are the experimentally measured i(q)'s using both Mo K,,and Cu 
K, Xrays.' As previously noted, the agreement between the experimentally determined i(q) and 
the j(q) calculated from the intra-molecular model based on C,, agree well at 
curve calculated from the C,, structural model is featureless in from 1.0 - 3.0 A '  ; but the 
experimentally measured i(q) has a large maximum, centered at ca 1.6 A-' with minima preceding 
and following this maximum. Similar results have been obtained for other coals.'." Thus, it may 
be concluded that the dominant maximum in the measured x-ray intensity curves for coals. located 
at ca. I .7 -1.9 A-', is not due to structuring within the average PC unit. 

This method correlates the measured 

j(s) = (CCq x rrb x CC x sin(q x ra& 

For 

t2 = C(i(q) - j(q)}'/Xi(c# 

> 3 k' . The j(q) 

\ 

Recently, an improved explanation of the measured x-ray intensities, expanding on the layering 
concept, has been proposed as the result of an x-ray scattering study of Beulah Zap lignite.' This 
procedure incorporates the concept of molecular-level layering in coals by calculating the 
distances between atoms in adjacent layers within the average short-range structural domain for 
that coal and correlating these distances with the structure curve calculated for each coal from 
wide angle x-ray scattering (WAXRS) experiments. 

The objective ofthis study is to simulate the dominant peak in each experimentally determined 
i(q) using simplified structural models which approximate the average PC unit in the coal as a disc 
whose radius may be estimated from the NMR information available in the literature. 
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RESULTS. Shown in Figure 2 are several crude models of layering in the short-range domains in 
coals. The models differ, of course, in the number of layers in the average domain. To relate 
each of the models to coals, it has been assumed that the radiuspf the average PC unit (rad) is ca. 
2.5 A and average distance between the layers (<d>) is cn. 3 8 A which is similar toe the average 
inter-layer distance reported for a number of the Argonne Premium Coals.3 Shown in Figure 3 
are the relative frequencies of the atom-pair distances (i.e., the structure curve) calculated from 
each model by: 

where n describes the relationships between the layers in the model, and r is the distance between 
the atom in the various layers. 

Using the Debye eq., each frequency function has been transformed into reciprocal space to 
produce its corresponding j(q). The simulated phase interference curve for each layer model is 
presented in Figure 4. Although the inter-layer structural models differ in the number of layers 
contained within each, their resulting phase interference curves are similar; with each featuring a 
maximum in the q = 1.8 A-’ region. Minima precede and follow this maximum. The sharpness of 
the maximum is related to the number of layers in the short-range structural domain. 

In the three layer model, C-C atom-pair distances are expected to be centered at cn. 4.5 A and at 
cn. 8.0 A with a relative peak intensity of 2/1. The j(q) calculated for the three layer model is 
similar to the experimentally determined i(q) obtained for PIT. Shown in Figure 5 is the j(q) 
calculated from the three layer model compar!d to the i(q) measured for Pittsburgh #8 coal. For 
this comparison, T = 0.021 when <d> = 3.92 A and rad = 2.6 A. This very low structure 
correlation factor verities the excellent agreement between i(q) and the J(q) calculated from the 3- 
layer model. The average interlayer distance determined by this method is similar to the average 
interlayer spacing distance reported by the earlier non-ideal diffraction interpretation of the 
secondary x-ray intensity reported for PIT. 

The inter-molecular structure curve has been obtained by Fourier transform of the inter-molecular 
portion of the experimentally determined phase interference curve for PIT. This inter-molecular 
structure curve contains two maxima with relative intensities of 2/1. In Figure 6, this inter- 
molecular structure curve is compared to the atom-distance/frequency hnction calculated for the 
three layer model. The good agreement between these two functions indicates that the average 
short-range structural domain in PIT contains three layer units 

F(r) = 1 (rad2 + [n x <d>]’)”; 

CONCLUSIONS. A simplified inter-layer model of the layering of the PC units in coals is 
consistent with both the phase interference curve obtained for Pittsburgh #8 coal by wide angle x- 
ray scattering a This model also predicts an atom-pair frequency curve which is consistent with 
the inter-molecular structure curve obtained for PIT. 

’ 
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Figure 1.  Comparison of the experimental phase interference curves for PIT with the simulated 
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STRUCTURAL PARAMETERS OF COALS FROM 002 LATllCE 
FIUNGE IMAGES USING HRTEM 

Atul Sharma, Takashi Kyotani and Akira Tomita 
Institute for Chemical Reaction Science, Tohoku University, 

Sendai, JAPAN. 
Key words: Coal structure, Lattice image, HRTEM. 

INTRODUCTION 
Over the years several studies have been done using different techniques to 

get the insight into the coal structure. All these studies converge on one 
understanding that coal is heterogeneous in nature and made up of very small 
aromatic layers more or less randomly orientated The layer size and stacking 
number increases with the rank of coal. Direct evidence about the arrangement of 
these aromatic layers, obtained by the electron microscope lattice imaging, is 
obviously an attractive complementary technique. Not much literature have 
been available on TEM observation of coals as such and most of the studies 
report about the heat treated coals. McCartney and Ergun [l] used electron 
microscopy to determine crystalline dimensions of meta-anthracite coal. Another 
attempt was made by Evans et al. [21 who observed anthracite coal'and heat- 
treated coals. They found the coal samples to be completely amorphous and no 
evidence of any ordered layers. Millward [31 also reported that when coals were 
observed by electron microscope, no fnnges which could be evidence of layered 
molecules was found. He khlighted the problems associated with instrument and 
irradiation damages which make it dimcult to observe raw coals. Oberlin [41 
developeddark field image technique to observe the coal structure. The electron 
microscope operation and theoretical consideration of image formation are now 
f d y  understood With recent advances in electron microscope instrument like 
anti-contamination device which successfully preserve the specimen from 
irradiation damages dunng high-resolution observation, it is possible to image 
even the highly electron beam-sensitive materials like coals. 

In this article we are presenting the structure of three different coals as 
observed by HRTEM. We also attempted to obtain stack distribution using image 
analysis technique developed by  us and desaibed elsewhere [51. 

EXPERIMENTAL 

Argonne Premium Coal Samples, Pocahontas no. 3 (POC) , Illinois no. 6 

(IL) and Beulah-Zap (BZ), were selectedfor the investigation. The coal samples, 
ground in ethanol and sprayed on a copper mimgrid, were observed under a TEM 
(JEOL-2010) operating a t  200 kV for high resolution images. The transmission 
electron microscope was equipped with computerized imaging system and EDS 
for elemental analysis. To get a general view of the coal samples, nearly 7 to 8 
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(a) (b) 

Figure 1 HRTEM images of Beulah-Zap coal: (a) amorphous structure 
and (b) ordered structure. 

(a) (b) 

Figure 2 HRTEM images of Illinois no.6 coal: (a) amorphous structure 
and (b) ordered structure. 

, 

Figure 3 HRTEM images of Pocahontas no.3 coal: (a) amorphous 
structure and (b) ordered structure. 



different spots were observed. A quantitative analysis was done to evaluate stack 
distribution using our newly developed image analysis technique [5]. 

OBSERVATION OF COALS USING HRTEM 
It is necessary first to ascertain that the TEM micrographs presented here 

are those of coals. In  all cases, fwst a sub-micron size particle was selected for 
observation a t  a very low magnification and its *action pattern was taken and 
elemental analysis was carried out. The elemental analysis showed signatures of 
all the elements present in the coals as mineral matter which was also confiied 
by the sharp spots observed in the SAD patterns. After confirming that this 
sub-micron size particle is coal, very thin edges of this particle were observed at  a 
hgh ma&cation(x 500k). To prevent the sample from irradiation damages, the 
current density on the screen was kept a t  less than 1 pa/cm*. At this illumination 
almost nothing can be observed on the fluorescent screen. However, the structure 
can be observed on the TV screen by increasing the aperture and sensitivity of 
the camera. By this approach we considerably reduced the number of electrons 
bitting the sample. 

RESULTS AND DISCUSSION 
In Elgures 1 to 3, the HRTEM images from two different spots for BZ, IL 

andPOC coals are shown. All three coals show the presence of both amorphous 
andordered structure. Even in ordered structures, layers are not plane and show 
lack of mutual orientation. I t  is known that coals contain small condensed 
aromatic units. These units show a parallel stacking but lack orientation and 
planarity because of the presence of hetero-atoms or hydroaromatic portions. 
These fringes or layers observed from HRTEM images are in accordance with the 
above understanding, and hence these layers are not graphite-like layers. Figure 4 
shows a typical example of extracted images from HRTEM images using the 
filtration technique [51 for quantitative analysis. The extracted images from five 
different spots were subjectedto image analysis algorithm [51 to evaluate stack 
distribution and the results are shown in Figure 5. The distributions show that the 
fraction of single layers or amorphous part is higher in BZ coal than in POC coal 
and the fraction of highly stacked group is relatively large with POC. However, the 
number of photographs taken in this study are too less to discuss further on the 
difference among the three coals. Figures 6a-c show the presence of mineral 
matter in the three coals. BZ and IL show very clear lattice fringes from the 
mineral matter. To make the fringes more clear, we separeted these from the 
organic part by drawing a white line. In Figure 6a, these are enclosed by the white 
line while in Figure 6b, these are towards left of the white line. In  POC coal, 
mineral matter is present as nearly circular dark spots. Figure 6d shows an 
onion-like structure similar to fullerene as suggested by Fanget a1 [61. This was 
observed only in POC coal and only in one spot. 



h 

I Figure 4: (a) HRTEM image and (b) corresponding extracted image. 
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Figure 5 Fraction of number of layers occuring in n layers. 

CONCLUSIONS 
The HRTEM technique is powerful tool for extracting microstructure 

information of coals. Both amorphous and ordered structures were observed 
Direct evidence of lattice fringes which can be ascribed to layers was found. 
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(C) (d) 

Figure 6 HRTEM images of: (a) mineral matter in Beulah-Zap coal, (b) 
mineral matter in Illinois no.6 coal, (c) mineral matter in Pocahontas no. 3 
coal, and (d) onion-like structure in Pocahontas no. 3. 
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MICROHETEROGENEITY OF SOLVENT-SWOLLEN COAL PROBED BY PROTON 
SPIN DIFFUSION 

&YO NORINAGA '*', Jun-ichiro HAYASHI, Tadatosbi CHIBA, and Masasbi IINO 
CenterTor Advanced Research of Energy Technology (CARET), Hokkaido University 

' Institute for Chemical Reaction Science, Tohoku University 
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ABSTRACT 
Phase separated structure of solvent swollen coal was characterized thorough its 

property of proton flip-flop spin diffusion. I t  is shown that the fashion of coal swelling is 
non-uniform on a segmental scale and a microscopic phase separation does take place on a 
scale from several to 20 nm even in good solvents like pyridine. 

1 

INTRODUCTION 
The most convincing model of coal structure is that of a cross-linked macromolecular 

network. All attempts to relate the macromolecular network parameters such as the molecular 
weight between cross-link p i n t s  to the degree of swelling in a good solvent have taken the 
Flory-Rehner theory ' as a starting point for the swelling of macromolecular networks. The 
theory involves the assumption that the deformation is affine, i.e., that the primitive chain 
is deformed in the same way as the macroscopic deformation (swelling) of the sample. 
Accordingly, the premise is required that the swollen coal is uniform in the segmental scale 
when we relate the macroscopic swelling to the molecular characteristics such as cross-link 
density. Based on the 'H NMR transverse relaxation characteristics, however, i t  was found 
that the hydrogens in pyridine-swollen coals could be divided into two groups: those whose 
relaxation was characteristic of solids and those whose relaxation was characteristic of 
liquids. Barton et  al. reported that the 'H NMR transverse relaxation signals measured 
at  ambient temperature for bituminous coals swollen by deuterated pyridine, show that up 
to -60% of the coal molecular structures can be sufliciently destabilized to become mobile. 
Therefore, a t  least 40% of the coal hydrogen remains in rigid molecular structures and is 
characterized by an NMR signal component that is similar to the signal for the corresponding 
dry coal. This result demonstrates that the swollen coal can be recognized to have a phase 
separated structure involving solvent rich phase and apparently solvent impervious phase. 
However the scale of heterogeneity in the swollen coals is presently not fully understood. 

In spite of its indirect character, measurements of 'H spin diffusion by pulsed NMR 
have proven to he a useful technique for evaluating the compatibility of polymer blends 36 
and the microdomain structure of multiphase polymers. '-'' When a nuclear system is 
disarrayed from equilibrium in an NMR experiment, the excess spin energy acquired by the 
resonant nuclei can remain in the spin system for a long time compared to transverse 
relaxation time, T2, before being transferred to the lattice. This follows directly from the 
fact that longitudinal relaxation time, T,; is much larger than Tz in solid materials. 12 

conserving "flip-flop" spin transitions. This process is termed spin diffusion and may 
provide observable energy transport over distances of several tens of nanometers. For the 
coal swollen by the saturation of deuterated pyridine, there exits a t  least two distinct 
morphological regions in the NMR sense. In such a case, owing to their state of motion, 
certain regions or sites responsible for the mobile phase provide exceptionally efficient 
transfer of energy to the lattice, while the rigid component weakly coupled to the lattice, 
can exhibit molecular motions that disfavor relaxation. I t  is possible, through the mechanism 
of spin diffusion, for the component that is tightly coupled to the lattice to relax other 
resonant nuclei in the spin system either totally or partially. By analyzing the spin diffusion 
process under an appropriate initial and boundary conditions, we can estimate the diffusive 
path length, and then get an information about the domain size of each phase. 

In this study, the phase separated structure of solvent swollen coal is characterized 
thorough its property of proton flip-flop spin diffusion. Six coals of different rank swollen 
by the saturation of deuterated pyridine were subjected to 'H NMR relaxation measurements. 
The NMR experiments provide transverse relaxation time, Tz, longitudinal relaxation time, 
TI, and that in the rotating frame Tlo. The time dependency of the spin diffusion is also 
monitored by Goldman-Shen pulse sequence. The dimension of a heterogeneity of the 
swollen coal is evaluated by analyzing the spin diffusion process. 

EXPERIMENTAL 
Samples. Four Argonne Premium Coal Sample Program (PCSP) coals '' and a brown coal 
were used as coal samples. Their particle sizes were finer than 150 pm. They were dried 
under a pressure of less than 1 Pa at 333 K for 48 h, which is long enough to attain a 
constant weight. The elemental composition, ash and water contents, and swelling ratios of 
the coal samples in pyridine or pyridindCS, mixed solvent are listed in Table 1. The coal 
sample was weighed and transferred to an NMR tube with a 10 mm 0.d. The mass of the 
sample was 0.3 g. A 0.5 g of fully deuterated pyridine, Pyd,, (Aldrich, 99.99% atom D) was 

, 
\ 

\ 

\ During this time the spin energy can disperse between neighboring nuclei by energy- 

1 

' 
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then added to the sample and the tube was sealed under pressure of less than 2 Pa while 
frozen with liquid nitrogen. A mixture of Pyd,  and C S ,  (1:l by volume) was also used as a 
solvent for UF coal. The coal-solvent mixtures were stored a t  303 K for a t  least 4 months 
before the NMR measurement. Styrenddivinylbenzene copolymers (SUDD,  crosslink 
density, 2 , 4 ,  and 8%) swollen in benzene-& were also prepared. 
'H NMR NMR measurements were camed out a t  303 K using JEOL Mu-25 NMR 
spectrometer equipped with spin locking unit operating at a proton resonance frequency of 
25 MHz. The solid-echo pulse sequence, 90",-~-90", (90' phase shiR) provided an approximation 
to the complete free induction decay (FID). Typical values for the pulse width, pulse 
spacing, repetition time and number of scans were 2.0 ps,  8.0 p s ,  6 s and 32, respectively. 
The saturation recovery pulse sequence, 90°,-t-900, was used to monitor the recovery of the 
magnetization with the pulse separation time, t and provided Ti. Ti, was measured by the 
so-called spin-locking pulse sequence, that is go", pulse is followed by a reduced amplitude 
pulse, sustained for a time t and phase shifted 90'. The magnetization remaining a t  time t 
is monitored by observation of the free induction signal. Rotating frame measurements 
were made at  radiofrequency field of 6 G. Spin diffision was monitored by the Goldman-Shen 
pulse sequence. The original pulse sequence was modified as 90";t,-90".,-t-90",-r-90°, , 
according to Tanaka and Nishi 

RESULTS AND DISCUSSION 
Transverse relaxation characteristics. The natural logarithm of the FID curves for the 
dried and swollen YL coal are drawn as a function of decay time in Figure l(a). Although 
the solvent swelling enhance the fraction of slowly decaying components, a portion of coal 
hydrogen remains rigid. The observed FID was assumed to be expressed by the following 
equations and numerically analyzed by nonlinear least squares methods. 

in order to avoid the dead-time effect aRer the pulse. 

I ( t )  = I ~ o )  exp [-t2/2T,,2] + I,,(o) exp [-t/T,,,I + I , @ )  exp [-t/T,] (1) 

where Z(t) and I,@) are the observed intensity at time t, and that attributed to component i , 
respectively, and T,, is the transverse relaxation time of the i th  component. The fraction of 
hydrogen producing exponential decays, H,, are listed in Table 2 .  H ,  for the swollen coal 
samples range from 0.2 to 0.6, and T,, value is similar to that for the corresponding dry 
coal. In contrast, when exposed to benzened,, hydrogens in St/DvB crosslinked copolymer 
are entirely converted to mobile hydrogens producing exponential decays, regardless of 
cross link densities of St/DVB as illustrating in Figure l(b). This indicates that solvent 
penetrates thoroughly into SUDD and it is likely to be deformed in a more or  less uniform 
fashion. For the swollen coal samples, it is clear that there are domains which do not swell 
and are not penetrated by solvent as shown schematically in Figure 2.  The phase structures 
of the swollen coal are separated into a t  least two phase, Le., solvent rich (SR) and solvent 
impervious phase (SI). Brenner studied the changes in optical anisotropy of dry and 
solvent-swollen thin section samples of a bituminous coal. He found that the natural 
optical anisotropy was completely relaxed by immersion of the coal in pyridine. These 
different experimental techniques, Le., 'H NMR and optical microscopy, produce different 
conclusion on the phase structure in the solvent-swollen coal. This contradiction seems to 
be responsible for the difference in the spatial resolution between these experimental 
techniques. The optical microscopy technique can hardly detect heterogeneities whose 
spatial dimensions are less than the optical wavelength (400-700 nm). Therefore, the 
dimension of heterogeneities of the swollen coal must be smaller than -700 nm. 
Longitudinal relaxation characteristics and spin diffusion. To examine whether the 
spin diffision process is active or not in the swollen coal samples, proton longitudinal 
relaxation was measured both in the laboratory and rotating frame. Figure 3 (a) shows the 
result of Ti measurement for the swollen UF coal. TI  is almost composed of one component 
while T, can be analyzed by the sum of two exponential functions as shown in Figure 3 (b). 
From these results, one can clearly understand the effect of spin diffusion. T, signals are 
composed of three components without the effect of spin diffusion while Ti, and T, 
measurements are affected strongly by spin diffusion and the number of the components 
decreases from T I ,  to Ti. The existence of a t  least two time constants for a rotating frame 
longitudinal relaxation process Le., TI,, in a system means that spin-diffusion processes 
cannot effectively average the different dynamical properties of protons in different spatial 
domains on the relevant time scale of the specific relaxation process. On the other hand, in 
the time scale of T, measurements, the distinctly separated spin systems were sufficiently 
averaged by the spin diffusion. The scale of spatial heterogeneities of the swollen coals can 
be estimated by evaluating the diffusive path length, L ,  i.e., the maximum linear scale over 
which diffusion is effective. The approximate expression is 

L = (2dDt)* 

where d is spatial dimension, i.e., the degree of freedom of diffusion, D is diffusion coefficient, 
and t is characteristic time for difhsion. d is one, two, and thre'e corresponds to the domain 
shape of lamella, cylinder and sphere, respectively. I t  has been shown that in a regular 
lattice with lattice constant a ,  the spin diffusion coefficient due to dipolar spin flip is given 
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by 

D- 0 . 1 3 a ' G  (3) 

where Ma is the second moment of the NMR line shape. For both Gaussian and Lorentzian 
line shapes, = q-'. For a regular lattice, D can be principally calculated from eq 3, but 
since the lattice constant is an ill-defined quantity for disordered materials like coals, a 
theoretical value can only be estimated by 

D - 0.13Z2/T, (4) 

where Z2 is the average of the square of distances between adjacent protons in the solvent 
impervious domain. Because of the lack of information on the molecular structure of coal, it 
is impossible to accurately determine T i z .  However, T i z  of the coal samples can be estimated 
semiquantitatively from the data of true densities evaluated by helium pycnometory l6 and 
hydrogen contents of the corresponding dry coal by assuming a cubic lattice of hydrogens. 
In Table 2, the estimated values of D are listed. D range from 5 . 1 ~ 1 0 " ~  to 6 . 2 ~ 1 0 ' ~  cm2/s 
and have the same order in many organic polymer systems. The observed longitudinal 
relaxation time corresponds to the characteristic time t. By assuming d is 3, we can 
estimate L as 40 nm from eq 2 for UFPy-d,. Therefore the linear dimension of the 
structural heterogeneity in UFPyd5 is certainly less than 40 nm on the basis of TI data. 
Following the same procedure for the T,p data the lower limits of the heterogeneity can be 
estimated to be 1 nm from the short TI,, For UF/(Py-d, + CS,),  the limiting size in 
heterogeneity can be estimated as 1 - 20 nm. Recently, Xiong and Maciel I' studied the 
proton longitudinal relaxation characteristics in dry coal using a solid state high resolution 
NMR technique. They found two TI values for the three kind of bituminous coals, which 
indicates the existence of structural fieterogeneity in the coals on a spatial scale of at least 
of 5 nm. While these estimates are crude they nevertheless provide some information of the 
maximum diffusive path lengths probed by the NMR experiment when spin diffusion is 
operative. The Goldman-Shen pulse sequence was thus employed to monitor the spin 
diffusion process. The advantage of the Goldman-Shen experiment is that the time for spin 
diffusion can be arbitrarily varied, and if this time is much less than T,, the analysis is 
straightforward. 
Goldman-Shen experiment. The Goldman-Shen experiment is a technique to put the 
separate spin systems a t  different spin temperatures and then sample them as a function of 
time so that their approach to equilibrium can be followed. The modified Goldman-Shen 
pulse sequence used in this experiment is shown in Figure 4. During time q,, the magnetization 
in the SI phase has decayed to zero, while there is still sufficient magnetization in the SR 
phase. During the pulse interval t ,  spin diffusion through the magnetic dipolar coupling 
occurs from the SR phase to the SI one. The third 9OnX pulse rotates the magnetization into 
the transverse plane for observation and the final 90; pulse creates the solid echo. The 
typfcal decaying signals afkr the Goldman-Shen pulse sequence observed in ILIPy-d, for 
vanous values of the pulse interval t are shown in Figure 5. The recovery of the fast 
decaying component is observed. The recovery factor, R(t), of the magnetization of SI phase 
can be defined as 

In Figure 6,  R(t) is plotted versus 5 vz for the solvent-swollen BZ and PT coal. The time 
evolution of R(t) is analyzed by the diffusion equation solved by Cheung and Gerstain to 
get information on the domain size. The transfer of the magnetization in solids via dipolar 
spin flip interaction may be described by the spin diffusion equation 

a - m(r, t) - 'm(r, t )  (6) d 

where m(r, t )  is the local magnetization density a t  site r and time t .  The differential 
equation is then solved according to the appropriate boundary and initial conditions. The 
analytical solution of eq 6 due to Cheung and Gerstairi is 

where 6 is the mean width of domains in SR phase. The quantity (Dlb2a)"2 was considered 
as an adjustable parameter. The solid c w e s  in Figure 6 represent the nonlinear least 
squares fits to the data by using eq 7. The results for the analytical fits are listed in Table 
2. These calculations indicate that the SR phase domain in the swollen coals have sizes 
ranging from several to 20 nm. The size seems to become smaller with decreasing coal 
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rank. The information on the morphologies of the domains is necessary to estimate the 
domain size adequately. However ther: is presently little information available on the 
shape of domains in the swollen coal. b is the mean width of domains in SR phase and 
would corresponds to the distance between the domains in SI phase. Cody and Thiyagarajan 
xi estimated the interdomain spacing ofa pyridine-swollen bituminous coal to be a p p r o e a t e l y  
15 nm by the small angle neutron scattering technique. This value agrees well b of the 
swollen bituminous coals, i.e., IL, PT, and UF coals, which were evaluated under the 
assumptions that the domain shapes are cylinder or sphere. 
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Table 1 Properties of Coal Samples. 

Coal (Symbol) C H N S 0" ash Swelling ratio 
[wt% daf coall [wt% mf e coall Pd-I Py/CS,[-l 

~ 

Yallourn (n) 65.0 4.6 0.6 0.2 29.6 57.5 2.7 

I&nois#6 (IL) 77.7 5.0 1.4 2.4 13.5 8.0 2.8 
Pittsburgh (PT) 83.2 5.3 1.6 0.9 8.8 9.3 2.4 

Beulah Zap (BZ) 72.9 4.8 1.2 0.7 20.3 32.2 2.2 2.0 

Upper Freeport (UF) 85.5 4.7 1.6 0.7 7.5 13.2 1.0 1.9 

a by difference. dry-ash-free. moisture-free. determined by the method proposed by 
Green et al. 

Table 2 Domain Size of Solvent Rich Phase. 

Sample Solvent wc H ,  [-I D[IO -12cm '/SI E [nml 
1-D 2-D 3-D 

YL py 1.75 0.56 
YL py 3.50 0.60 5.7 2 5 8 
BZ py 1.75 0.44 6.2 2 5 8 
BZ py/CS, 1.81 0.34 

UF py 1.75 0.20 
UF py/CS, 1.81 0.45 5.1 5 10 16 
St/Z%DVB benz 4.75 1.00 
SW%DVB benz 2.31 1.00 
St/8%DvB benz 2.31 1.00 

IL py 1.75 0.55 5.6 5 12 19 
PT py 1.75 0.51 5.5 5 12 21 

Mass ratio of solvent to coal or polymer. Fraction of mobile hydrogen producing 
exponential decays. 
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Figure 1 lH-NMR transverse relaxation signals. 
(a) dried and swollen YL. (pyridine-d5, S/C=I.75), (b) dried and swollen St/DvB. (benzene+, 
s/C=2.31 for 4% and 8% cmsslink densities, s/C=4.75 for 2%) * 

Figure 2 Conceptual model for m i d o m a i n  
structure of solvent-swollen cod. 
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Figure 4 Schematic figure of the Goldman-Shen pulse sequence. 
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Figure 5 Solid-echo signals of swollen YL (pyridine- 
d5, s/C=1.75) after the modified Goldman-Shen pulse 
sequence for various value oft . t is equal to 1,25,64 
and 225 ms horn the bottom 
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Figure 6 Recovery of proton magnetization in SI phase Figure 6 
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i Recovery of proton magnetization in SI phase asa 
fundion oft  li2for the solvent-swollen BZ and PT coal. 
Solid lines represent the best fit to the data by using eq 7. 
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INTRODUCTION 

For many years the "standard model" for coal structure has essentially 
considered most coals to consist of covalently cross-linked networks with a cross- 
link density and sol fraction that varies systematically with rank (this model 
excludes arthracites and other high rank coals that are more graphitic in their 
structure). It has also been proposed that certain types of secondary forces, such 
as hydrogen bonds or charge-transfer complexes, can act as cross-links, although 
with respect to hydrogen bonds we disagree with this viewpoint (1). There is also 
an alternative model, proposed a few years ago, that places even more weight on 
the role of non-covalent interactions, proposing that most coals are associated 
structures held together by these secondary interactions acting in some undefined 
co-operativemanner (2-6). These different views of coal structure remain to be 
resolved. 

One of the problems with characterizing coal, particularly the nature of its 
network structure, is that crucial parameters such as the cross-link density can only 
be measured indirectly by techniques such as swelling and by recourse to a 
theoretical model. The most widely used model has been that originally proposed 
by Flory and Rehner, modified in various ways by different workers over the years 
to account for the specific character of coal (a high cross-link density, hence 
"short" chains between cross-linked points, and the presence of strong specific 
interactions such as hydrogen bonds, see reference 7 and citations therein). What 
is clearly needed is a model, highly cross-linked system where the cross-link 
density is known or can be measured directly, thus allowing an experimental test 
of the validity of various approaches. Here we will propose the use of phenolic 
resins and present preliminary results that demonstrates the close resemblance of 
the properties of these materials to coal. 

RESULTS 

The nature of phenolic resins 

Ordinary phenoYformaldehyde resins were the first true synthetic polymers 
produced commercially (as opposed to chemically modified natural polymers) and 
were called Bakelite. Depending upon reaction conditions either novolak or resol 
resins can be produced, the former essentially consists of branched oligomers of 
phenol units, linked by methylene bridges at their ortho and meta (to the hydroxyl 
group) positions, as illustrated in figure 1. These materials are not cross-linked, in 
the sense of forming a densely interconnected network of units through covalent 
linkages. Resols, on the other hand, form methylol (CH20H) groups and their 
synthesis does lead to a densely cross-linked network, as illustrated in figure 2. 

At least superficially one recognizes an immediate correspondence to the 
"standard model" structure of coal; aromatic clusters linked by methylene and 
some ether units. Coal, of course is far more heterogeneous, containing larger 
aromatic units, many of which are heterocyclic, and these are presumably linked 
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by a broader range of "bridge types" (e.g. ethylene). This is reflected in the 
infrared spectrum, as can be seen in figure 3, where the spectrum of a simple 
phenol formaldehyde resol is compared to that of a randomly chosen coal. The 
bands present in the coal spectrum are generally broader, the aromatic "ring- 
breathing" mode in the resol near 1600 cm-' is much weaker, as is the aliphatic 
stretching modes near 2900 cm-'. Methylene bridges between aromatic units 
clearly absorb very weakly (but it is well known that the absorption coefficient for 
CH, stretching increases as CHI units are linked to form longer aliphatic chains). 
However, the situation becomes much more interesting if we increase the level of 
complexity of the system just slightly. 

Figure 4 compares the spectrum of a phenoYdihydroxynaphthalene/ 
formaldehyde copolymer (50:50, meaning 50% phenol and 50% 
dihydroxynaphthalene) to that of a coal. Because of the multiplicity of linkage 
sites on the naphthalene ring, we produce an apparently densely cross-linked 
network even under conditions used to synthesize novolaks based on phenol alone. 
The infrared spectrum of this resin is now strikingly similar to that of the coal, the 
principal differences being in the aliphatic CH stretching region (the bands in the 
synthetic resin are much weaker) and the C-0  stretching region (1200-1300 cm-I) 
where the resin absorbs more strongly than coal because of its higher OH content. 
The spectra can be made even more similar by chemical "tinkering". For example, 
if we copolymerize with p-cresol instead of phenol, bands in the CH stretching 
region become more prominent, and so on. However, space does not permit us to 
explore this here. Next we will briefly describe our synthetic procedure, which we 
used to produce a range of copolymers, then briefly summarize the results of 
solvent swelling and extraction experiments, which again bear a striking 
resemblance to those obtained from coal. 

Synthesis 

Appropriate quantities of phenol, 1,5-dihydroxynaphthalene and oxalic acid 
were first dissolved in water. The mixture was then stirred and preheated at 65OC 
for 30 minutes. Formaldehyde was then added and the mixture was refluxed at 
100°C for 2-3 hours. As the polymerization proceeded the solution or suspension 
gradually changed color. Finally, water was then removed by heating under 
vacuum at a temperature of 200°C. The resulting resin is a black solid copolymer, 
only partially soluble in solvents such as pyridine, THF and NMP. 

The samples were characterized by I3C nmr, FTIR and pyrolysis GCMS. 
The latter results were particularly interesting because we have always been 
concerned that reactions leading to larger aromatic clusters could occur when this 
technique is applied to coal. We had no evidence for this in our studies of the 
synthetic resins. The details of this characterization work will be presented in a 
separate publication. 

Extraction and Swelling Experiments 

Extraction and swelling experiments were performed on the resins using the 
usual techniques applied to coal. In these initial experiments the solvent used was 
pyridine. Swelling experiments (measured on ground particles placed in a 
graduated cylinder) were performed on the extracted material. The results are 
presented in Table 1. 

It can be seen that an ordinary resol has 32% pyridine soluble material and 
swells to approximately twice its original dimensions in pyridine, very similar to 
results obtained with coals like Illinois #6. Copolymers synthesized with 
dihydroxynaphthalene units behave similarly at low concentrations of this CO- 
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Substituting p-cresol, which can only polymerize in a linear, non-branched 
fashion, for phenol, restores much of the extractability. 

CONCLUSIONS AND RAMIFICATIONS 

We have synthesized resins that mimic the spectroscopic, swelling and 
solubility characteristics of coal. The crucial point is that we start with a 
knowledge of the structure of these materials and whether or not they are 
covalently cross-linked. We are comparing the behavior of these materials in 
various solvents as a means to determine the role that association through 
secondary forces plays in swelling and solubility. Although the cross-link density 
of these resols is not known (but could possibly be estimated by the pattern of 
linkages revealed by the aromatic CH out-of-place bending modes in the IR 
spectrum), it is a relatively easy task to chemically cross-link initially oligomeric 
novolaks with labeled compound and measure this parameter directly. We believe 
this approach will prove valuable in sorting out various models of coal structure 
and the role of secondary interactions such as hydrogen bonds. 
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Sample 

Resol (phenol formaldehyde 

PDHNF20 
PDHNF30 
PDHNF40 
PDHNF50 

PCDHNFSO 

Table 1 

Extraction Swelling 
Yield in Pyridine Ratio 

32% 2.06 

42% 2.01 
12% 
6% 
6% 1.74 

% 

35% 

i 

I 

I 

I 

PDHNFX = Phenol-co-dihydroxynaphthalene/formaldehyde copolymer 
with x wt% of dihydroxynaphthalene. 

PCDHNFX = p-cresol-co-dihydroxynaphthalene/formaldehyde copolymer 
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Figure 1. Typical oligomeric structure found in a novolac resin. 

OH OH OH 

Figure 2. Schematic representation of part of the structure of a cured 
phenolic resin. 
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Figure 3. Companson of the infrared spectrum of a cured resol (phenol- 
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Figure 4. Comparison of the infrared spectrum of a cured phenol-co- 
dihydroxynaphthalene (50%) formaldehyde copolymer to that of a 
coal (PSOC 1423 P, 70% C) 
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EFFECT OF VARIOUS ADDITIVES ON SOLVENT EXTRACTION OF COALS 

f&S&Lhd, Toshimasa Takanohashi ', E. Sultan Vayisoglu Giray', Chong Chen', 
Yoshihiro Masui', and Kazuhiro Takahashi' 

'Institute for Chemical Reaction Science, Tohoku University, 
Katahira, Aoba-ku, Sendai 980-8577, JAPAN 

'Energy Resources Department, National Institute for Resources and Environment, 
Onokawa, Tsukuba 305-8569. JAPAN 

KEYV'ORDS: Coal extraction, additive, carbon disulfide / N-methyl-2-pyyrolidinone mixed 
solvent 

. .  

. 

INTRODUCTION 
The extraction of bituminous coals with carbon disulfide / N-methyl-2-pyrrolidinone (CS2 / 
NMP) mixed solvent ( I :  1 by volume) was found to give very high extraction yields at room 
temperature (1). We have also found that the addition of a small amount of various additives 
such as tetracyanoethylene (TCNE) and .p-Phenylenediamine(-PDA) to the mixed solvent 
increases the extraction yields greatly(2,3). For example, the yield of the room temperature 
extraction of Upper Freeport coal with the 1: 1 CS2 / NMP mixed solvent increases from 59 wt% 
(daf) to 85 wt% (dat) by adding only 5% (based on coal) of TCNE to the mixed solvent(2). 
Recently inorganic salts of chloride and fluoride are found to be also effective for the increase of 
the extraction yields. 

We have also found (4) that when the extracts obtained with the CS2/NMP mixed solvent were 
fractionated with pyridine to yield pyridine-insoluble (PI) and -soluble (PS) fractions, part of PI 
became insoluble in the mixed solvent, though i t  is a part of the extracts with the mixed solvent. 
By the addition of a small amount of the additives such as TCNE, tetracyanoquinodimethane 
(TCNQ) orp-phenylenediamine to the mixed solvent, PI became soluble in the mixed solvent. 

While, swelling and viscoelasticity behaviors of coal show that coal has a kind of 
macromolecular network structure. The changes of reactivity and product selectivity of coal by 
heat or solvent treatment were often explained by the changes of this network structure. But the 
nature of the macromolecular network structure are still unknown. Although covalently 
connected crosslinking structures are often assumed, the evidencces for them are not enough. 
Recent works, including our results, suggest that for some bituminous coals, large associates of 
coal molecules Le., non-covalent (physical) network are a better network model than the covalent 
one. Coal extracts and coal derived liquids are.known to readily associate between themselves to 
fonn complex associates (5-8) .  

Solubility limit of coals, Le., how high extraction yields can be obtained without the breaking of 
covalent bonds is one of the key points to clarify a kind of network bonds, Le., covalent or non- 
covalent (physical) networks. If coal consists of highly developed covalent networks and low 
molecular weght substances occuluded in them, coal extractability is low, as observed in the 
extractions with conventional solvents such as pyridine. However, 85wt% of the extraction 
yield obtained for CS2 / NMP / TCNE solvent system described above suggests that Upper 
Freeport coal has little covalent networks. 

In this presentation the effect of various additives on extraction yield ofcoal, and solubility of the 
extract component (PI) in the mixed solvent was reviewed including recent results. 
Mechanisms for the enhancement of the extraction yield and the solubility by the additives are 
discussed. 

EXPERMENTAL 
Ertmctiori of coals with CS2/ NMP nured solverii 
The coals used in this study are shown in Table 1. A coal was extracted with CS, / Nh4P mixed 
solvent ( I :  I ,  volume ratio) under ultrasonic irradiation repeatedly at room temperature ( I )  with 
or without an additive. The extract obtained was fractionated with acetone and pyridine, 
respectively, to give acetone-soluble(AS), pyridine-soluble and acetone-insoluble(AI/PS), and 
pyridine-insoluble(P1) fractions. Solubility of PI in the mixed solvent was examined at room 
temperature under ultrasonic irradiation with or without an additive. 
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RESULLTS AND DISCUSSION 
Effect of Additives on Ettraction YieIds of Coals 
Tables 2 - 4 show the yields of the extractions of Upper Freeport coal with the CS,MMp mixed 
solvent with electron acceptors, donors (aromatic amines), and halogenide salts, respectively. 
Table 2 shows the effect of an electron acceptors, together with their electron amnity, which is a 
m m u r e  of the electron acceptability of electron acceptor. Table 2 shows that only TCNE and 
TCNQ gave high extraction yieldsas expected from their high electron affinities. However, 
other electron acceptors used here do not show the extraction yield enhancements. Table 3 also 
shows that the effectiveness of electron donors is not an order of their electron donatability, since 
N.N,N’,N’-tetramethyl-p-phenylenediainine (TMPDA), which is the strongest electron donor, 
gave much lower yield than other donors. The results for halogenide salts in Table 4 indicate that 
a kind of halogenide anions affects the extraction yields, Le., the yields increased in the order; 
F>CI>Br>I, and little change between Li and tetrabutylammonium cations. 

Table 5 shows the effect of the addition of tetrabutylammonium fluoride (TBAF) on the 
extraction of various coals. Upper Freeport, Lower Kittanning, and Stigler coals incresed their 
extraction yields with the CS, / NMP mixed solvent by the addition of TBAF, but for Pttsburgh 
No.8, Illinois No.6 coals the yields did not increase. For the addition of TCNE the same 
tendency of the extraction yields were obtained for the five coals above (2). 

Effect of Additives oii Fraction Distribution of Extracts 
Table 6 shows the fraction distribution of the .extracts obtained from the extraction of Upper 
Freeport coal with TCNE,p-PDA, and TBAF. Table 6 indicates that the increase in the extraction 
yields is mainly due to the increase of the heaviest extract fraction, Le., PI, and little increase in  
the lighter fractions of AS and AIPS.  

Eflecr of Additives on Solubility of Extract Fraction 
Tables 7 and 8 show the effect of electron acceptors and donors (aromatic amines) on the 
solubility of PI in the CS, / NMP mixed solvent, respectively. Table 7 shows a similar tendency 
as the effect of electron acceptors on the extraction yiellds (Table 2), i.e., only TCNE and TCNQ 
are effective for the increase in the solubility of PI. Table 8 shows that aniline and p- 
PDAincreased the solubility of PI greatly, and especially p-PDA is as effective as TCNE and 
25mg (0.23mmol)/g-P1 increased about 40% of the solubility. 

Mechanisns for the eriliartceirtent of the ertracriort yield arid the solubility by rlie additives 
The solubility increase of PI by TCNE addition, and also the increase in the extraction yield are 
considered to be caused by the breaking of noncovalent bonds in aggregates among coal 
molecules(8), since the effect of TCNE addition is reversible, i.e., PI’, which is considered to be 
free of TCNE by washing the TCNE-solubilized PI by pyridine, is again partly insoluble in the 
mixed solvent, and it becomes almost completely soluble by the re-addition of TCNE. From 
similar behaviors of the other additives toward a kind of coals and fraction distribution of the 
extracts as TCNE they also solubilize coal by the same mechanism as TCNE. 

The 1: 1 CS2-NMP mixed solvent can break the weak non-covalent bonds which are not broken 
convensional solvents such as pyridine. The additive such as TCNE and p-PDA in the mixed 
solvent, which has strong interaction with coal molecules, can break even the strong noncovalent 
bonds. A kind of interactions between the additives and coal molecules are not clear, but the 
results here suggest that charge-transfer (donor-acceptor) interaction may not be a main 
interaction. 

The additives such as TCNE, p-PDA, and TBAF is very efficient for the extraction yield 
enhancement of Upper Freeport coal. For example, the addition of TCNE more than 0.05g to 
Ig of the coal reached an almost constant extraction yield of about 85 wt% (daf). Using the 
structural parameters of fa and degree of aromatic ring condensation for Upper Freeport coal 
reported by solum et al.(9), 0.05g of TCNE per Ig of coal is calculated to correspond to 1 
molecules of TCNE per about 8 aromatic clusters of the coal. The reasons why these additives 
are so effective, and the effectiveness is depend on a kind of coals are not clear, though all the 
coals which increase their solubility remakably by the additives contain much of the heaviest 
extract fraction, PI. 

These results obtained strongly suggest that at least some bituminous coals, which gave very high 
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extraction yields with the CSZ/NMP/additive solvent, have chemical structure consisting of 
complex mixture of the aggregates among coal molecules, and having no giant covalently bound 
cross-linked network. 

CONCLUSIONS 
The effects of various additives on the extraction yield of coals and the solubility of extract 
fraction were investigated. The additives such as TCNE, p-PDA, and lithium and ammonium 
salts Of fuloride and chloride are found to be very effective for the increase in the extraction yield 
and the solubility of the extract fraction. A mechanism that noncovalent bonds in the aggregates 
among coal molecules are broken by the additives is proposed. 
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Tablel. Analysis of coals 

coal Ultimate analysis(wto?,daf) Ash(wI%,db) 
C H N @Sa 

Sewell‘B’ 88.4 5.3 1.4 4.9 4.6 

Lower Kittanning 84.0 5.6 1.7 8.7 9.0 
Lewiston Stockton 82.9 5.4 2.0 9.7 19.6 
Pittsburgh No.8 82.6 5.5 2.1 9.8 8.7 
Stigler 77.8 4.8 1.5 15.9 11.7 
Illinois No 6 76.9 5.5 1.9 15.7 15.0 

Upper Freeport 86.2 5.1 1.9 6.8 13.1 

By difference 

Table 2. Effect of the addition of electron acceptors on extraction yields’ of 
Upper Freeport coal together with their electron affinity , 
additiveb Ectraction yield Electron affinity 

\ (ev) (wt%) 

None 
TCNE’ 

I 
TCNQ~ 
DDQ 

pBenzoquinone 

pChlorani1 

’ CS,/NMp mixed solvent (1 : 1 by volume), room temperture 
O.2mmol/g-PI of an election acceptor, ‘ Tetracyanoethylene 
7,7,8,8-Tetracyanoquinodirnethane, 2,3-Di~hl0~0-5,6-dicyano-gbenzoquinone 

, 1,2,4,5-Tetracyanobenene 

I 2,6-Dichloro-pbenzoquinone 

64.6 
85.0 
80.0 
49.8 
44.4 
39.3 
49.7 
45.5 

2.2 
1.7 

1.95 
0.4 

0.77 
1.2 

1.37 
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Table 3.Effect of the addition of electron donors(aromatic amines)on extraction 
yields" of Upper Freeport coal together with their ionization potential 
Additiveb Extraction yield Ionization potential 

None 51.4 

aniline 72.3 7.7 

p-PDA' 81.3 6.87 

TMPDA~ 61.4 6.5 

melamine 61.8 

(wt%,daf) (eV) 

CS,/NMP mixed solvent( 1: 1 by volume), room temperature 
25 mg/g-coal of an electron donor 

'pp-phenylendiamine, N,N,N',N'-tetramethyl-p-phenylenediamine 

Additive Extraction yield 
(mmol/g-coal) (wt%,daf) 

None 56.4, 59.8 

LiCl 81.7 
(0.24) 
LiBr 68 7 
(1.0) 
LiI 60.9 
(1.9) 

Additive Extraction yield 
(mmol/g-coal) (wt%,daf) 

(n-butyl),NH,F 83.9 

(n-buty I),NH,C I 78.8 

(n-butyl),NH,Ur 61.8 

(0.25) 

(0.25) 

(0.25) 

(0.25) 
(n-butyl),NH,I 59.3 

Table 5 .  Effect of the addition ofTBAF on the extraction yields" of various coals and fraction distributions 
of the extracts 

Coal TBAF Extraction yield Fraction distribution(wt%,dao 
(wt%,daf) AS PS PI 

Lower Kittanning None 38.7 6.3 27.1 5.3 

Pittsburgh No.8 None 43.5 12.3 30.0 I .2 
0.25mmol/g-coal 39.9 11.8 23.4 4.7 

Stigler None 21.2 6. i 14.5 0.6 
0.2 5mmol/g-coal 62.4 6.4 17.2 38.8 

Illinois No.6 None 27.9 7.8 19.1 I .o 
0.25mmoUg-coal 27.4 10.0 16.8 0.6 

Upper Freeport None 60.1 8.2 25.0 26.9 
0.25mmol/g-coal 82.4 11.5 12.7 58.2 

0.25mmol/g-coal 63.7 9.4 17.9 36.4 

" CSJNMP mixed solvent( I : 1 by volurne),room temperature 
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Table 6. Fraction distribution of the extracts obtained from the extraction' 
of Upper Freeport coal with the additives 

Additive extraction yield fraction distribution of the extract 
(wt%,daf) (wt%,daf) 

AS AVPS PI 
none 60.1 8.2 25.0 26.9 
TCNE 85.0 10.5 28.5 47.0 
p-PDA 81.3 9.8 23. I 48.4 
LiCl . 83.6 10.2 16.1 57.3 

82.4 11.5 12.7 58.2 TBAF 
"CS2/NMP mixed solvent( 1: 1 by volume), room temperature 

Table 7. Effect ofthe addition of electron acceptors on soluhility" of pyridine-insoluble 
extract (PI) 

Solubility of PI (wt0h) 

Additiveb PI from Upper PI from Zao 
Freeport Coal Zhuang Coal 

Electron affinity 
(ev) 

None 66.4 51.0 
TCNE' 99.5 99.5 2.2 
TCNQ~ 94.3 81.0 1.7 

D D q  88.8 53.8 1.95 
1,2,4,5-Tetracyanobenzene 71.2 47.7 0.4 
pBenzoquinone 76.1 44.1 0.77 
2,6-Dichloro-p-benzoquinone 67.4 37.0 1.2 
p-Chloranil 51.8 34.8 1.37 

\ 
'CS2/NMp mixed solvent ( I :  1 by volume), room temperture 

0.2mmol/g-PI of an elect& acceptor, Tetracyanoethylene 
7,7,8,8-Tetracyanoquinodimethane, 2,3-Dichloro-5,6-dicyano-p-benzoquinone 

Figure 8. 
amine) on solubilityn of pyridine-insoluble extract fraction (PI) 
from Upper Freeport 

Effect of the addition of electron donors (aromatic 

Additiveb Solubility of PI Ionization potential 

(ev) 
(wt%) 

55. 1 None 

aniline 85.4 
0-PDA 91.8 
ni-PDA 

- 
7.7 
7.2 

85.1 7.1 
6.9 P-PDA 96.5 

a In CSJNMP mixed solvent( I :  I by volume), room temperature 
b25mg/g-PI of an additive 
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INTRODUCTION 
AAer N-methyl-2-pymlidinone(NMP)-CS,(1: 1, v/v) mixed solvent was found having the 

magic ability to dissolve coal up to about 60wt% based on daf coal', the seeking for higher 
solubility of coal has never stopped. Enhancement of the coal solubility by adding additives is 
our way. Up till now, more than I O  additives including electron acceptors and donors were 
examined2". Electron acceptors, Tetracyanoethylene(TCNE) and 7,7,8,8-Tetracyano- 
quinodimethane(TCNQ) were found to be two powerful additives. However, the mechanism is 
still not clear. Previous studies on the mechanism have been concentrated on the charge-transfer 
complex formation between additives and coal leaving the role of the solvents out of focus2.9.10. 
However, the attempt to correlate the solubility of coal and the electron acceptor-ability was not 
successful. Therefore, other mechanism must be involved. In this work, solvent was found 
strongly related to the mechanism of TCNEKCNQ to increase the coal solubility. 

The conclusion of charge-transfer complex formation between coal and TCNEKCNQ was 
drawn from the IR shift of vm in TCNEKCNQ when they were mixed with coal in solvent. We 
have reported that the coal containing TCNE deposited from NMP-CS,(I:I, v/v) mixed solvents 
had a pair of IR band at 2200cm" and 1500cm.' '. Initially, the band at 2200cm-' had been 
proposed arising from charge-transfer complex between TCNE and coal6. However, further 
investigation found that the two IR bands arisen from the reaction product of TCNE and NMP, 
Le., NMP 1,1,2,3,3-pentacyanopropene salt(NPCNP). TCNE does not exist as a neutral molecule 
in NMP, instead, an anion derivative of TCNE was formed, which may be the key component to 
enhance the coal solubility. Addition of NPCNP was found also effective for the coal solubility 
increase. 

In the case of TCNQ, the interaction of TCNQ with coal aromatics seems to be related to the 
solvent used. TCNQ radical anion generated in NMP may be an intermediate of TCNQ 
interaction with coal aromatics. The extent of TCNQ interaction with coal aromatics depends on 
the structure of aromatics. 

EXPERIMENTAL 
UV spectral properties of TCNEKCNQ in various solvents were measured on HITACHI 

U2000 UV spectrometer with 1 cm quartz cell. FTIR spectra were recorded on JASCO FT/IR- 
8300 spectrometer using KRS-5 or KCI cell(thickness of O.lmm), 16 scans at resolution of 4cm". 
NMR measurement was carried out on JEOL JNM-LA400 spectrometer. CDCI, was used as 
solvent. All the solvents used for spectral analysis are spectrophotometeric grade. "Anhydrous" 
NMP was dehydrated by 4 A  moleculq sieves overnight. 

The procedure of the reaction of TCNE with NMP in the presence of water referred to that of 
TCNE reaction with pyridine in the presence of water', but it was carried out at room 
temperature. 30mL acetone containing 6.3g TCNE was added into lOOml NMP containing 10% 
water under N, protection. After the reaction, acetone and NMP were removed via a rotary 
evaporator at 40°C and large volume of diethyl ether was decanted into reactor. A yellow solid 
was obtained(yield, 58wt%, based on raw product). Recrystallization of a portion of the solid 
from diethyl ether gave a yellow crystal of I, mp 51-52°C: UV-visible(NMP) &, nm(log & ) 
400(4.41), 418(4.40); FTIR(thin film, cm-') 1519( u c.c). 2203( v C=N); (liquid film) 2199(in 
NMP, u C"N); 'H-NMR(CDCI,) 6 3.70, 3.06, 2.77, 2 . 2 4 ~ ~ ~  a broad and weak peak at 
7.5-llppm downfield shift as the increase of concentration of I; '3C-NMR(CDCI,) 6 178.32, 
135.60, 116.70, 114.06, 113.78, 57.91, 51.95, 31.26, 30.46, 17.38ppm. Anal. Calcd for NMP- 
1,1,2,3,3-Pentacyanopropene salt(1, C18H20N702): C, 59.02%; H, 5.29%; N, 26.75%; 0, 8.78%. 
Found: C, 59.18%; H, 5.46%; N, 26.78%; 0,8.74%. 

r 1 
+ 
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RESULTS AND DISCUSSION 

The shift of stretching frequency of C=N(v,,) of TCNE in some solvents indicates that 
TCNE may react or interact with solvents(Tab1e 1). In acetone and THF, almost no shift was 
observed. The small shift in toluene is attributed to the formation of charge-transfer complex of 
TCNE with toluene. However, the large shift of vcN in NMP indicates that TCNE does not exist 
as a neutral molecule in this solvent. Instead, a new substance may be generated by the reaction 
Of TCNE with NMP. In dehydrated NMP, v shifts to 2338cm.' arose from complex of 
TCNE-NMP, while in commercial NMP(used for extraction) containing very small amount of 
water(esthated from the hydroxyl band), the v band appears at 2199cm.', which indicates the 
presence of PCNP anion. 

Figure 1 shows the change of UV spectra of TCNE in NMP of different water content. In 
dehydrated NMP, PCNP anion absorptions at 400 and 418nm are very weak. However, they are 
increasing but the peak of TCNE-NMP complex at 298nm decreasing as the increase of water 
content in NMP, indicating that PCNP anion is generated from the reaction of TCNE with NMP 
in the presence of water. 

The reaction of TCNE with pyridine' or pyridone"'" to generate PCNP anion was known 30 
years ago, but the reaction of TCNE with NMP to generate the Same anion is found first time. 

Although this reaction needs water, commercial grade NMP used for extraction usually 
contains small amount of water. Based on our experimental procedure, 1 gram coal or PI was 
added 0.2mmol TCNE in 60 mL NMP-CS, mixed solvent(l:l, v/v), O.O12wt% water in NMP is 
enough for 0.2mmol TCNE to generate PCNP anion. Although we have not measured the water 
content of the NMP, it is quite possible that 97% commercial grade NMP used for extraction 
contains enough water for the reaction. Moreover, NMP is very easy to absorb water. It is very 
difficult to remove all the water from NMP. Even dehydrated NMP was used, PCNP anion band 
at 400 and 4 1 8 m  is still observable(Figure 1) in TCNE-NMP system. This is probably due to 
incomplete dehydration by molecular sieves or re-absorption of water during the operation. It 
was also found that in commercial NMP, v of TCNE in NMP always shifts to 2199cm". 
These results demonstrate that TCNE exists as PCNP anion in NMP but not neutral TCNE 
molecule. 

Based on the spcctral study, TCNE does not exist as a neutral molecule in NMP as well as in 
the NMP-CS, mixed solvent. Instead, NPCNP is formed. The solubility of PI and its parent 
coal(UF) in the NMP-CS, mixed solvent was examined by adding small amount of NPCNP. 
Figure 2 shows that the addition of only 0.04mmol/g-P1 NPCNP is enough to increase the 
solubility of PI from 54% to 96%; more NPCNP, 0.2mmole/g-PI, results in 99.9% solubilization 
of PI. The addition of 0.2mmoI/g-coal NPCNP increases the UF coal solubility from 64.6% to 
71.5%, which is closed to the increment by adding the same amount of TCNE). Another PCNP 
anion contained compound, Pyridinium 1,1,2,3,3-pentacyanopropenide, which was synthesized 
from pyridine and TCNE in the presence of water', was also found effective to enhance the 
solubility of PI. The two experiments indicate that PCNP anion is the key component to enhance 
the solubility of coal. 

The mechanism of PCNP anion to enhance coal solubility is believed to be attributed to 
breaking hydrogen bonding. NMR study confirms the possibility of this anion being able to 
break the hydrogen bonding formed between pyridine and phenol. The details will be reported in 
a paper submitted to Energy Fuels. 

. .  of TC- 
The UV-visible spectra property of TCNQ depends on solvent, as shown in Figure 3. It is 

quite different in NMP and pyridine than in THF and chloroform. The peaks around 800nm, Le., 
752, 771 and 833, 854nm, were assigned to the TCNQ radical Figure 3 illustrates that 
TCNQ generates TCNQ radical anion in NMP and pyridine but not in THF and chloroform. 

In the room temperature, the addition of aromatics into the NMP solution containing TCNQ 
results in the change of its UV-visible spectrum. As shown in the Figure 4, the absorption of 
TCNQ radical anion around 800nm disappeared as accompanied by appearing a new absorption 
at 490nm, which may be arisen from the complex formed between TCNQ and aromatics. 
However, when the aromatics were added into the mixtyre of T.CNQ and chloroform, 
chlorobenzene or THF, no such change occurs. The spectra are just a summation of the TCNQ- 
solvent and aromatics. Accordingly, we can not deny the possibility that TCNQ reacts with 
aromatics by the TCNQ radical anion as an intermediate. 

The extent of TCNQ reaction with the aromatics depends on the structure of aromatics. 
Phenanthrene reacts with TCNQ radical anion quickly, the peaks around 800nm disappeared in 
several minutes after it was added into the mixture of TCNQ-NMP and a new peak at 490nm 
appeared. However, anthracene, the isomer of phenanthrene, is hard to react with TCNQ anion 
radical at room temperature. The spectrum has no change even after I8Omin. The larger size 
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aromatics, pyrene, can react with the TCNQ radical anion, but it takes longer time than 
phenanthrene needed. The different distribution of n electrons on the aromatic ring may cause 
the difference. Coal from different source and rank contains aromatics of different ring size and 
structure, which may cause the selective effect of TCNQ for certain coal, e.&, TCNQ is effective 
for some coals but not effective for others. 

When pyridine insoluble fraction(P1) from Upper Freeport coal extracts(extracti0n with CS,- 
NMP mixed solvent, 1 : 1 by volume) was used instead of pure aromatics to repeat the experiment 
mentioned above, similar spectra changes were observed. As the reaction time increase, the 
absorption of TCNQ radical anion around 8OOnm decreased but the absorption at.49Onm 
increased(see Figure 5). Based on the results of pure aromatics, aromatics in PI reacts with 
TCNQ radical anion to generate a new complex(around 490nm) is concluded. 

CONCLUSIONS 
The importance of solvent was noted in examination the mechanism of TCNmCNQ to 

enhance the coal solubility. TCNE was found not to be existed as a neutral molecule in NMP. 
Instead, it reacts with NMP in the presence moisture to generate 1,1,2,3,3-pentacyanopropene 
(PCNP) anion, which is considered a key component to enhance the coal solubility by breaking 
coal-coal interaction, e.g., hydrogen bonding. TCNQ generates TCNQ radical anion in NMP and 
pyridine, which is an intermediate of TCNQ interaction with coal aromatics. 
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Table 1. List of TCNE in various solvent 

blank 2260 
solvent v CN(Cm-’) 

acetone 2257 
THF 2257 
toluene 2252 
N M P  2338 
NMPb 2199 
“dehydrated by 4Amolecular sieves; 
bcommerical one(NMP content 97%) 
containing small amount water(estimated 
from the weak hydroxyl band in the 
spectrum). 

200 400 600 800 1000 

Waveiength(nm) 

Fig. 1. UV-visibile spectra of TCNE in NMP 
containing water(mg/mL). a, 0; b, 15; c, 50 

I 

I ,  

f 

I 
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Amount of NPCP added. rnmoVg-PI 

E c 
4 

XI0 400 600 800 1003 
Waveleng Wnm) 

Fig. 2. Increase of the solubility of Fig. 3. UV-visible spectra of T m Q  in 
PI(pyridine insoluble fraction) form Upper 
Freeport coal in the NMP-CS, mixed solvent 
by adding NPCNP 

various solvents. 

Wavelenglh(nrn) Wavelenglh(nrn) 

1 
Fig. 4. UV-visible spectra of aromatics(1 X 
1 O"rnoleL') in 5 X lO"m~leL~~  TCNQ NMP 

a, phenanthrene(reacti0n for 3 min); b, 

~ i ~ ,  5 ,  UV-visible 
NMP-CS,( 1 : 1, v/v) system. 
a, 0 min; b, 30 min; c, 60 min; d, 90 min 

of P I - T ~ Q -  

I solution. 

pyrene(40 min); c, anthacrene(l80 min) 

, 
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INTRODUCTION 

The determination of the structure of coal has long been of interest due to its crucial importance in 
research on reactivity and processing. However, the chemically and physically heterogeneous nature 
of coals makes determination of the chemical nature of even the building blocks complicated, since the 
molecular structure and molecular weight distribution are not dependent on a single molecule or repeat 
unit as in technical polymers or biopolymers, but on a complex mixture of molecules and potential 
connections between them which may vary among coals. 

Coal extracts have long been used to obtain coal material in solution form that can readily be 
characterized. However, what part of the total coal structure these extracts represent is not completely 
known. Pyridine has been a particularly good solvent for coal; for example, the extractability of Upper 
Freeport has been shown to be as high 30%.. Although pyridine extracts of coal have been referred to 
as solutions, there is good evidence that they are not truly solvated, but are dispersions which are 
polydisperse in particle size.' The particle sizes may span the size range from clusters of small 
molecules (a few A) to extended clusters of large particles (a few hundred A), not unlike micelles, 
where the functional groups of molecules which interact favorably with the pyridine solvent lie at the 
surface of particles. 

Mesoporous silicates are attractive candidates for separations due to their high surface areas and 
porous nature. MCM-41 is one member of a new family of highly uniform mesoporous silicate 
materials introduced by Mobil, whose pore size can be accurately controlled in the range 1.5 A-10 
nm.2,3 This recently discovered M41 S class of zeolites should be useful to effect size separation, due to 
their large pore sizes and thus their potential for the separation of larger compounds or clusters. True 
molecular sieving on the size range of molecular and cluster types found in coal solutions should be 
possible with M41S materials by tuning the pore size. 

We have synthesized a mesoporous silicate material with a surface area of approximately 1 100 mZ/g 
and pore sizes of approximately 25 A and 33 A. The results of a study on the ability of this 
mesoporous materials (M41S) to be used as stationary phases for separations of coal complexes in 
pyridine is the subject of this paper. 

EXPERIMENTAL 

The coal used in this study is the mv bituminous Upper Freeport coal (APCS 1) of the Argonne 
Premium Coal Samples series4 We have used a new room temperature extractor, the Gregar extractor 
and traditional refluxing in pyridine to extract the coal. Approximately I O  g of coal was extracted in 
the Gregar extractor for one week. The extract was filtered and stirred with the M41S material for one 
week. This was then filtered and the zeolite-containing coal was extracted with methylene chloride. 
The extraction removed the coal material from the zeolite quantitatively, 

A similar quantity of coal (10 g) was extracted by pyridine reflux for one week. The extract was 
divided and stirred for one week in 33 A and 25 A M41 S material. AAer filtering, the zeolite material ' 
containing the coal was extracted with methylene chloride. Approximately 25% of the coal material 
was recovered from each zeolite by methylene chloride extraction. Further extraction with 
chlorobenzene resulted in only a few additional percent of coal. 

Synthesis of MCM-41 was an approach combining the advantages of several literature  work^^.'.^. 
Different chain length of surfactants, ranging from dodecyltrimethylamrnonium to octadecyl- 
trimethylammonium bromide, were used as template to construct a periodic mesophase. The silica 
source used was tetraethyl orthosilicate. The synthesis was carried out at room temperature in the 
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solution of methanol and sodium hydroxide mixture. Pure silica versions of these zeolites were 
prepared to alleviate irreversible absorption by aluminum sites. 

Mass spectra were recorded on a Kratos Maldi I11 instrument for laser desorption (LD) and a 
Kratos MS-SOTA for low voltage high resolution mass spectrometry (LVHWS). For the LD 
spectra, the laser intensity for the N2 laser (337 MI) was kept at ion appearance threshold for all 
samples. The LVHRMS was recorded using low energy electron ionization (18eV) to maximize 
ionization of high mass compounds with minimal fragmentation. TGA-DTA (thermal gravimetric 
analysis and differential thermal analysis) measurements were obtained on a SDT 2960 from TA 
Instruments. For these samples, measured against an alumina standard in a 100 mL/min 0, flow 
with a temperature ramp of 10°C/min to 800OC. The TGA data is also represented in its first- 
derivative or differential thermal gravimetry (DTG) format. Total organic loss were calculated by 
measuring the weight loss over the approximate temperature range of 200-600 OC. XRD analyses 
were carried out on a Rigaku Miniflex+ instrument using CuKa radiation, a NaI detector, a 0.05' 
step size, and a 0.50°, 2/min scan rate. XRD and SAXS showed pore sizes of25  A and 33 A for 
the two M4 1 S-class zeolites. 

RESULTS AND DISCUSSION 

The Gregar extractor extracted only 7.45% of the Upper Freeport coal into pyridine. The LD mass 
spectrum of the coal-zeolite extract showed only minimal ion intensity. The LVHRMS of this sample 
was used to estimate the number of aromatic rings present in the extracts. The results show that the 
largest mole % of hydrocarbon containing material was zero rings (5.5%), one ring (2.5%), two ring 
(0.8%) species. There is a small amount of material that can be attributed to multiple ring systems 
above three rings (2.87%). The reason for the low extractability using this technique may be a result of 
room temperature pyridine extraction as opposed to refluxing pyridine for the traditional technique. 
Although the amount of material is less, it is interesting that the majority of this is essentially aliphatic 
with very little aromatic character. 

The refluxing pyridine extracted 29.6% of APCS 1, which is consistent with published results of 
extractabilities of this coal. 

We used TGA to determine the weight loss as a function of temperature. From this data we can 
determine the total amount of organic material in the mesoporous zeolite. The TGA data shown in Fig 
1 indicates that the 33 A pore size material contains a larger amount of coal extract from the pyridine 
solution than the 25A M41S mesoDorous material. This is shown as the weight loss per cent of the 
total sample weight of 22.6% for'the 33A material versus 15.6% for the 25A material (Fig. 1 & 2). 
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Fig 1 The TGA of 33.4 M41 S material with pyndine extract of Upper Freeport coals 
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Fig. 2. The TGA of 258, M41 S material with pyridine extract of Upper Freeport coals 

Certainly, very polar material will bind to the silica. In the case of both M41S mesoporous materials 
only 25 % can be removed from the zeolite. The more nonpolar will be extracted in the washes of 
coal-infused M41S material. The TGA indicates that very low molecular weight material is evolved at 
about 60"C, which we assign to occluded pyridine. The major part of the organic material begins to 
come off at roughly 300°C and peaks at 440°C for the 33p\ material and at 500 for the 25A material. 
In addition, there is a distinct shoulder at 460 in the 33A and at 520 in the 25A which may indicate 
different organic compounds or clusters of compounds. The peak at 675 in the 33A material is only 
1.5% of the total weight, but may be related to very tightly bound (very polar) organic material on the 
silica. 
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Fig. 3 The laser desorption mass spectrum of methylene chloride extract of APCS 1 
imbibed M41S zeolite. 25 A pore diameter (upper panel) 33 A pore diameter (lower panel) 
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The laser desorption mass spectra of the extracts from the coal-containing mesoporous zeolites is 
shown in figure 3. Here there is a clear distinction in mass between the 25 A and the 33 A sieves. The 
average mass of the 33 A extract is higher than that of the 25 A extract by roughly 44 mass units. This 
would correspond to an additional ring system. Since LD chiefly accesses the aromatic content of a 
sample, we believe that this difference can be attributed to one additional ring in the 33 A over the 25 
8, extract. That is, the separation of the extract using mesoporous sieving by M41 S-class zeolites is 
effectively differentiating small ring sizes. This suggests that one additional ring is responsible for the 
separation difference between 25 and 33 A. Clearly, the average molecular size of an aromatic 
molecule of molecular weight 300 is much smaller than either pore size. This suggests that the 
separation takes place on larger clusters of molecules of similar ring sises. We suggest that molecular 
clusters which are manifested in the LD spectra as relatively small aromatic molecular ions are 
separated as large clusters of molecules. Evidence from small angle neutron scattering of pyridine coal 
systems shows a high polydispersity in cluster size. We may be accessing one portion of that range in 
the 20-30 A size range. Further experiments with larger pore size mesoporous M41S materials are . 
underway. 

The LVHRMS results comparing the 25 A and 33 8, is shown in Figure 4. The average aromatic ring 
size is an estimate based on the number of double bond equivalents calculated from the high resolution 
data. The 33 A shows an increased aromatic ring size over the 25 A. 

Mole % HC 

..................................................... 

..................................................... 

.................................................... 

0 1 2  3 4 5 6 7 8 9 1 0 1 1  
Number of Rings 

Fig 4. Comparison of aromatic ring size from HRLVMS of methylene chloride extracts of 
25A and 338, M41S sieves loaded with pyridine extracts of Upper Freeport coal (APCS 1). 
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ZNTRODUCTIOA' 
M a n y a n a l y b c a l t e c i o u c p l e s ~ ~ ~ ~ f o r c o a l r e s e a r c h a ~ ~ ~ d d a f a \ t a v e ~ ~ d t h e  
constmaon of model chenucal stnrdures of coal The conshuctlon of model struchm of coal IS 

unporourt rn unprvvmg our un- of the relahomhps behwen d structure and I& 

pmpmt~es, ttus knowledge can lead to more ef fdve  and ecxnormcal methods of coal convmon 
hno et al inveshgated the exhact fiactiom o b n e d  from the exhacbon of Upper Freeport coal wth 
a carbon d1sulfide/N-methyl-2-py~rol1dmone nuxed solvent at mom temperature and the 
liacbonal~on wth acetone and py~~dme by usmg H NMR elemffltary analysis, SEC and hydroxyl 
group w o n .  Based on the stmctd patameten obta~ned I e ,  f,(ammahcity), u (the 
degree of subshtuhon on aromat~c ring) and H a  JCa .(the degree of condensahon of the ammat~c 
nngs), Tkkanohh et al co- the model sbuctum of the extract fiachom, as shown in Fig 
1 m, for d&mg the NMR c h e m ~ d  shfb of known mokdar shuctures, s e v d  
programs have been developed We modlfied the chem~cal sbuctlne of Upper Freeport coal 
exhactscondn&dbyT&dal usmgthe ' 3 C N M R c h e n u c a l ~ c a l c ~ m  The 
purpose of the pres~d work is to improve the model sbuchm by cornpanson of actual and 
calculated sohd-state 3c Nhm spectm 

EXPERIMENTAL 
Sample: The (60 wto/o on mw coal Mi) from a carbon disulfideM-methyl-2- 
pyrrolidinonemixedsolvente~atroomtRnperahneforUpperFreeportcoalwas~onated 
with acetone and pyridine into h e  liactions, ie., acetonesoluble (AS), acetone-insolubldpyridine 
soluble (PS),  and pyT&winsoluble (PI) 6acbm. Thee extract fiactions of Upper Freeport ccal 
were used as samples. Dataon shuctud analysis ofthe extracts are summarized in Table 1. 
NMR meawrementp: solid-state Y NMR measuranents w r e  made by the S P W  method 
using a chemmagnetics CMX-300 Nh4R sptromter. About 100 mg of sample were packed in 
the sample mm. The measuringcmditions sere as foUows: thew" 'H puke width was4 w s, "c 
tiqmcy, 75.46 spinning rate of MAS, IO W number of m, 2000; and pulse repetition 
h i e ,  60 s Chemical shifts were cabrated with respect to tetmmethylsilane using the 
hemethyltmmne's methyl group peak at 17.4 ppm as the external stdndard 
chemical shift shufations: chemical shift cakulariors WIT carried out using ACD Laboratory 
CNbfR pmktor software. Thomas et a\. calculated '% chemical shifts for some substrhded 
pyridines using s e v d  NMR predidon programs and showed that the CNMR p d c t o r  gave the 
best results in thir work.' Kohnert et al. evaluated and tested forpredicijon of NMR spectm of 
photosynthetic metabolites using the CNMR pred~tor.~ The s o h u e  allows tmiment of 
molecules mntaimg up to 256 carbon atom The software calculates chemical shifts by seadung 
for similar 5lbmImd hpleilt with the expainend shii? value in the internal 
database and evalua!mg the chemical shift value &g into account intmnolccular intadctions. 
Using the soffwm, WR calculated the chanieal shifts of dl ca160ns of each model structlire 
~~mtmcted by Takmdmhi et al.' Next, the d a  'V NMR qxcha were obtained by 
cmidaing an Line width to each peak and summing, supposing that dl peaks WE 

Gaussian peaks.(Thb process was performedby Spinsight ver.3.5.2 software.) The line width fitted 
totheactual spectmwas adop2ed. For AS, PS and Pi, the line width for aromaticcarbon was 814 
Hz, 1203 Hz and IWHz, respectively, and the line width for aliphatic carbon was 354 Hz, 460 Hz 
and @lW respedively. As the fraction became lighter, the line width of a h  peak became 
Ilanower, WiIh -w lines for aliphatic than for aromatic CaIt lOn Althougts all aromatic or 

. 
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RESULTS AND DISCUSSION 
F1g2 shows the expmmentaJ NMR spectra of the extraa tiac%m and thecalculated NMR Specaa 
for model shuctures of each fmctlon For AS, wtb regad to the acbd spectra, the model shuchne 
had hgh liad~ons for non-protonated aromat~c carbon (125-140 p) and CH, GXbON15-s 
p), and low M o n s  for ptonated aromatic ~~b0dJo0-120 p), CH, GXbON30-45 
p p )  and methyl carbon(o-i5 ppm) We added methyl carbon to the model sbuctuc of AS and 
reduced the substltllted mmaht carbon and fl CH2 carbon The mullmg structure of AS IS 

shown m Fig ,(a) and the calculatedNMR spectnrm fwthe d model IS shown UI 
Figqa) wth the measured spectrum For PS and PI, the model shwhnes had lugh fiactlons for 
non-protonated aromahc carbon (125-140 ppm) and CH, &1f35-50 ppm), and low fiacbons 
for methyl Carbon(0-20 ppn) We added methyl cuton to the model strmtum of PS and PI and 
reduced the subst~tuted ammahc carbon Figs 3(b) and (c) show the d h n g  structures of PS and 
PI that best fitted the actual spectm Fig 4(b) and qc)  show the calculated NMR specba of the 
rewsed model shuctures wth the measured specba We mdfied all $mchxes of extmct fiachons 
w n l y  by addrng metfiyl and &yl groups and reducing naphmemc nng strudures l h s  mhcates 
tha! the all llutlal sbuctum lacked methyl and ethyl groups and wae nch m naphthemc nng 
struchnes, wtuch we could not -sh by the previous analflcal dah By these techmques, the 
co&on of the model stnmres for the extract 6achons could be made 

ThechermCalshiftat60 - 8 O p p m c o r r e s p o n d s t o t h e a l 1 ~ c ~ ~ ~ o x y g e n  
such as -CH2-€)-, wtuch IS thought to be unpomnt for the crosshnk of coal For the calculated 
spectra for PS and PI, the peaksappeared m tlus chenucal duft mnge Consldenngthe crossW m 
coal, such oxygen wntamng methylene bonds p ~ b l y  e m  m coal, but the achd qxcm showed 
no peak m t h ~ s  chenucal dufl range between aromat~c and allphahc carbon pak, and we. cannot 
coniinn the peaks TIE amounfs of the aliphat~c carbon connectedwth oxygen may or can not be 
so large compared wth the other forms ofcarboq and the peaks may be overlapped so mthe actual 
specbathe peaks nught not appeared 

Table 2 shows structuml parameters ofthe revised model chemical sbuctum. The values off and 
t a j C , w e r e a l m o s t s i m i l a r b e t w e e n t h e i n i t i a l a n d t h e r e ~ m o d e l ~ ~ t h e v a l u o f  u 
andWCweredifkent Thevalwsof a werehigherfortheinitlals?mctumandthevaluesof 
WC were higher for the revised structures. This was bemw, in the modification process, we. 
added some methyl and ethyl groups and reduced some naphhnic ring struchm in order to fit the 
d spectra In this regard, further examination is q u u d  to coincide these riala Howwer, 
relatively good agreement was obtained between the actual specba and calculated ones by the MW 

models. 

CONCLUSION 
The solid-state ‘v Nh4R spectra ofthe model structures for the three e m  W o n s  were dimat& 
using the NMR chemical shiflcalculat~on method By comparison of theesthnatedspecba with 
the observed ones, some c o d o n s  wwe made to the chemical struchne of models to fit their 
s p m ,  and we proposed the modified model shctum based on NMR chemical shift calculations. 
The energy-minimum conformation will be calculated by the molecular mechania and molecular 
dynamics 
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Table I Sbuaural plrameters of extmcts of Upper Freepolt coal2 
ulbmate analySlS (wt”/.)” Structural puameters 

sample C H N S ob M., f. HJC. o HK molecular 

formula 

Ongmalmal 862 5 1  19 2 2  4 6  0 71 

As 885 6 7  1 1  0 5  3 2  520 071 069 039 091 C,H,NO 
Ps 866 5 8  2 0  18  45 1270 078 072 051 075 C9&N2O5 

PI 858 5 0  21  I 1  6 0  2210 079 071 048 070 C,,H,,$J,SQ, 

a)dryashke 
b)calculated as the difference 

Table 2. Sbuctural parameters of the revised model chemical stmctms 

fnmula 

As 0.71 0.71 0.30 1.0) C,HaO 

I 

Ps 0.79 0.69 0.44 0.81 G,H,N20, 
PI 080 0.67 0.40 0.77 C,,,H,,,N,SO, 
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1NTRODUCTlON 

Green and Selby reported [ I ]  that pyridine sorption isotherms can be explained by a dual-mode 
sorption model that has been widely applied to the sorption of glassy polymers. This model is 
represented by two phenomena, adsorption on the surface described by a Langmuir isotherm, 
predominant at the initial portion of the plot of sorption isotherm, and diffusion (absorption) into 
the bulk structure described by Henry's law, the linear portion with relative pressures. Shimizu et al. 
[2] carried out research on organic vapor sorption using various ranks of coals and found that 
sorption data for Illinois No. 6 coal could be treated by the Langmuir-Henry equation regardless of 
a kind of the organic vapors (methanol, benzene, pyridine, and cyclohexane) used. Takanohashi et 
al. [3] reported that methanol sorption in the residues from coals with the high extraction yields 
greatly increased compared to the corresponding raw coals, suggesting that more microporosity has 
been developed by the extraction. In contrast, for coals with low extraction yields, sorption 
behavior of residues was similar to that ofthe raw coals, regardless of coal rank. 

The steric effects on the kinetics of solvent swelling of coals have been reported.[4,5] Solvent 
swelling of coal involves diffusion of solvent molecules into the macromolecular structure of coals. 
Larsen et al. [4] reported the steric effects of various alkyl-substituted pyridines and anilines on 
equilibrium swelling ratio of cnals. Aida et al. [SI determined the initial swelling rates in addition 
to the equilibrium swelling values of lllinois No.6 coal in various solvents, and showed that the rate 
retardation of diffusion of alkyl-substituted amines can be increased by almost a thousandfold by 
changing from n-butylamine to ferf-butylamine. However, the swelling of coal in liquid phase also 
causes other structural changes such as extraction and relaxation of macromolecular structure, 
which can influence the swelling behavior. 

To investigate the steric effect on alcohol vapor sorption for coals, the sorption isotherms of 
alcohols with different size of alkyl groups were measured for four Argonne premium coal samples. 
Data were analyzed using the Langmuir-Henry dual-mode sorption equation. Based on the 
adsorption and diffusion parameters from the model equation, micropore and cross-linking 
structures of the coals are discussed. 

EXPERIMENTAL 

Sample Preparation 
Four Argonne premium coal samples (Pocahontas No.3, Upper Freeport, Illinois No.6, and Beulah- 
Zap coals) were obtained in ampoules (5 g of -150 pn) .  Because water and gases adsorbed on the 
coals prevent the measurement of sorption, samples were dried at 80 "C for 12 h in vumo, just 
before the sorption measurements. Various alkyl-substituted alcohols were used without further 
purification as the sorbate. 

Upper Freeport coal was extracted exhaustively with a carbon disulfide / Nlmetliyl-2-pyrrolidinone 
( C S ,  / NMP) mixed solvent at room temperature.[6] The residue was washed with acetone and 
dried in a vacuum oven at 80 'C for 12 hr. The extraction yield was 60 wt% on the dry-ash free 
basis. The extraction residue was also used as the sorbent. 

Sorption Experiments 
Sorption isotherms were measured with an automatic vapor adsorption apparatus (BELSORP IS, 
BEL JAPAN, INC) at 30 "C. Approximately 200 mg of sample was placed in the sample tube and 
weighed. The deaeration treatment of methanol in the solvent tank was carried out with liquid 
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nitrogen three times through freeze-thaw cycles. Samples were pretreated under vacuum (< IO" 
Torr) at 80 "C for 12 h The sorption isotherm was measured at the relative vapor pressures of 0.01 
< p  < 1 at 30 OC by using the constant-volume gas adsorption method. Each sorption was measured 
when the change in the amount of sorption remained constant within 5% for I O  min. 

RESULTS AND DISCUSSION 

Sorption Behavior. 
Sorption isotherms of methanol, ethanol, n-propanol and n-butanol (only for Upper Freeport coal) 
are shown in Figures I .  The amount of sorption is represented on the basis of each sample (g). 
Generally, the sorption increased exponentially at low vapor pressures and then increased linearly 
with pressure in the intermediate pressure range, although the total sorption was different among 
the coals used, The sorption by Upper Freeport raw coal was the smallest for all alcohols used. As 
the size of alkyl group increased, the total sorption became smaller for all coals, showing that alkyl 
groups prevent the alcohols from being sorbed by the coals. For lower rank coals, Beulah-Zap and 
Illinois No.6 coals, the sorption behaviors of methanol and ethanol were similar at vapor pressures 
more than 0.2, i.e., the slope of isotherm was almost the same. While, for high rank coals, Upper 
Freeport and Pocahontas No.3 coals, the slope of isotherms in the cases of n-propanol and n- 
butanol was relatively small, indicating that they would hardly be sorbed 

Sorption Analysis Using the Dual-Mode Sorption Model 
The results of curve fitting from the Langmuir - Henry dual mode equation (I) are also shown in 
Figure 1.  

where C is the total sorption (mmol/g-sample), C,, is adsorption on the surface, C,  is the amount of 
diffusion (absorption) into the bulk, C', is the pore saturation constant, b is the pore affinity 
 constant,^ is the relative vapor pressure (PP, ) ,  and k,,is the Henry's dissolution constant. 

For all the cases except for Beulah-Zap - ethanol and n-propanol systems, data were fit by the 
Langmuir-Henry equation, suggesting that alcohol sorption can be explained by adsorption on the 
surface that occurred at low relative pressures and diffusion into the bulk that increased linearly 
with pressure. Since coals have many interacting sites such as functional groups on their surface, 
adsorption preferentially occurs at low vapor pressure. A steep increase of sorption observed for all 
coals at low vapor pressures, especially for low rank coals, can be due to the adsorption on oxygen 
functional groups of the surface, although in the case of n-propanol the rate of the sorption increase 
at low vapor pressures was small. 

Constants of the Langmuir-Henry equation obtained by the fitting are listed in Table 1 ,  The values 
for Beulah-Zap -ethanol and n-propanol systems were obtained by a different fitting method, i.e., 
the adsorption parameter was obtained by fitting in  the low vapor pressure range less than 0.2 and 
the diffusion parameter by fitting in the intermediate pressure range more than 0.4, because a 
discontinuity point exists at around vapor pressure of 0.2. The C', (mmol/g-sample) for Upper 
Freeport coal was the smallest for all alcohols, showing that Upper Freeport coal has fewer pores 
on the surface than other coals. As the size of alkyl group increased, Le., methyl, ethyl and propyl, 
the C , ,  decreased, especially for high rank coals the rate ofdecrease was large. The result suggests 
that high rank coals have smaller micropore sizes. The b which is related to the ratio of the 
adsorption rate to the desorption rate, showed a tendency to decrease in the cases of n-propanol and 
n-butanol. The steric effect of alkyl group of alcohols may accelerate their desorption. 

The Henry's dissolution constant k,, (mmol/g-sample), which represents the degree of diffusion into 
the bulk, was also the smallest for Upper Freeport coal in all cases. For low rank coals, the k,  
values of methanol and ethanol were similar, while the value of n-propanol was small. I n  contrast, 
for high rank coals k, greatly decreased in the order of methanol, ethanol and propanol, suggesting 
that the difference in the size of alkyl group on alcohols might greatly influence their diffusion into 
the bulk. 

Effeet of fitraction 
Figure 2 shows the isotherms for Upper Freeporl residue, with the Langmuir-Henry fitting curves. 
Constants of the Langmuir-Henry equation obtained by the fitting are also listed in Table I .  The 
C', of each alcohol for the raw coal and its extraction residue was alnlost similar in magnitude, 
although the value of methanol for the residue was smaller than that for the raw coal. The values of 
b increased by the extraction for all alcohols. In contrast, the k, for the residue was quite larger 
than that for the raw coal in all cases. Even for bulky alkyl-substituted alcohols such as n-propanol 

C = C,, + C, = c', b p  I ( 1  + b p )  +k,p ( I )  

620 



I 

and n-butanol, high the kD values were obtained, 1.6 for both. These resulfs suggest that the 
adsorption sites on the surface did not change so much by the extraction, while a considerable 
amount of large void was formed in the bulk. Since the oxygen content of the Upper Freeport 
residue, 6.3 w%, is much lower than those for Illinois No.6 and Beulah-Zap raw coals, the increase 
in the k, for the residue may be due to increased physical diffusion into the formed voids. 

CONCLUSIONS 

Almost all sorption isotherms of various alcohols could be explained by the Langmuir-Henry dual- 
mode sorption equation, and adsorption and diffusion parameters could be estimated. Both pore 
saturation and dissolution constants were the smallest for Upper Freeport coal o f  all coals used. As 
the size of alkyl group increased, their constants decreased for all coals. Especially for high rank 
coals, Pocahontas and Upper Freeport coals, the dissolution constant greatly dropped. In contrast, 
the dissolution constant for the extraction residue from Upper Freeporr coal was quite large for all 
alcohols, compared to those ofthe raw coal, although the pore saturation constant did not change so 
much. A considerable amount of micropores with relatively large sizes formed by the extraction 
may be responsible for the increased diffusion. 
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Figure 1 Sorption isotherms ofvarious alcohols at 30 "C for Pocahontas No.3 (a), 
Upper Freeport (b), Illinois No.6 (c) and Beulah-Zap (d) coals, with the fitted lines 
with the Langmuir-Henry dual mode equation. 
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Table 1 The adsorption and diffusion parameters by Langmuir-Henry dual-mode 
sorption equation for the raw coal - alcohol systems and Upper Freeport extraction 
residue 
coal sorbate C'," bb K 

(mmol/g-coal) (-) (mmoVg-coal) 
Pocahontas No.3 raw methanol 0.98 10 0.61 

ethanol 0.46 26 0.49 
n-propanol 0.35 12 0.12 

Upper Freeport raw methanol 0.81 35 0.79 
ethanol 0.30 30 0.29 

n-propanol 0.18 9 0.01 
n-butanol 0.20 7 0.05 

Upper Freeport residue methanol 0.58 55 3. I 
ethanol 0.33 69 2.3 

n-propanol 0.35 35 1.6 
n-butanol 0.37 13 I .6 

Illinois No.6 raw methanol 0.97 58 2.9 
ethanol 0.66 108 1.9 

n-propanol 0.58 32 1.1 
Beulah-Zap raw methanol 2.3 29 5.0 

ethanol 1.7 39 4.8 
n-propanol I .3 6 3.7 

Pore saturation constant. Pore affinity constant. Dissolution constant. , 

1 - * -MeOH 
3.5 - - - - FtnH 1 -.-. . 

h - + -n-PrOH 

0) 

A n-BuOH 
o MeOH(raw coal) 1 ~ / 

0 0.2 0.4 0.6 0.8 1 

P/P,( - )  

Figure 2 Sorption isotherms of various alcohols at 30 O C  for Upper 
Freeport residue, with the fitted lines with the Langmuir-Henry dual-mode 
equation. 
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SYNERGISTIC EFFECT ON SOLVENT SWELLING OF COAL 

\ 
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INTRODUCTION 
It has long been curious question why the coal swelling exhibited a synergistic effect in 

a certain binary solvent system. In 1986, Hombach[l] observed a significant synergistic 
effect on the solvent swelling of coal in the mixed solvent such as amine and methanol, 
and tried to rationalize with a hypothesis which the change of the solubility parameter of 
the mixed solvent was responsible for that phenomena. 

In the meantime, Iino et a1.[2] also found a quite interesting binary iolvent system on 
the coal extraction, that is, the mixture of CS2 and N-methyl pyrrolidinone(NMP) gave a 
maximum extraction yield at their SO:SO(vol-%) mixing conditions. This solvent system is 
well-known as a " solvent for the coal extraction, of which detailed mechanism 
has not yet been clarified. 

In the course of our studies on the coal swelling, we have learned that the coal has an 
significant steric requirement[3] toward the penetrating solvent molecules due to the cross- 
linking macromolecular network structure. Also, the maximum swelling ratio of coal 
swelling was very much depending on the donorability of the swelling solvent, as 
previously pointed out by Marzec[4], probably because of the specific interaction behveen 
the solvent molecule and the cross-linking network structure formed by the relatively weak 
bonding interactions, such as hydrogen bonding, charge transfer bonding, n-n bonding 
and even the van der Waals bonding interactions. These findings are now extending to 
our new sight of the coal chemistry, the elucidation of synergistic effects on coal swelling 
and the empirical determination of a "Coal Affinity Parameter".[S] Eventually, we could 
categorize the synergistic effects on the solvent swelling into the three types of the mixed 
solvent systems. 

In this paper, we present our recent experimental results concerning the mechanism of 
synergistic effect appeared on the solvent swelling of coal, especially focusing on Type-I 
and Type-11. 

EXPERIMENTAL 
The chemical reagents were commercial products (Gold label grade) which were used 

without further Durification. Solvents used in this studv were dried over aooronriate 
drying agents a id  distilled before use. Coals from the &es Coal Library and 'k ionne 
National Laboratory were ground, seized in N2 atmosphere, dried at llOOC under vacuum 
overnight, and stored under a dry nitrogen atmosphere. 

The measurement of the solvent swelling of coal was cam'ed out by means of our hand- 
made instrument, and the experimental procedures were same as previously reported.[6] 

RESULTS AND DISCUSSION 
1. Synergistic effects on coal swelling in mixed solvent 

As reported by Hombach, a coal swelling in a mixture of methanol and teltially amine, 
such as dimethylaniline, trimethylamine, or trimethylamine affords a significant synergistic 
effect on its equilibrium swelling values(Q). 

Figure 1 shows the typical example obtained our swelling measurements which is 
exhibiting the relationship between Q-value and the swelling rates (V-value) vs. 
concentration of methanol on the Illinois No.6 coal swelling in triethylamine/methanol 
mixed solvent. 

It is quite interesting that in spiteof the large synergistic effect on the Q-value there was 
almost no effect on the V-value (swelling rates). This fact strongly suggests that the 
synergistic phenomena appearing on this solvent system will not very much depend on the 
specific molecular interaction between tri-methylamine and methanol. We like to 
categorize this type of swelling system, as "Type-I". 

Meanwhile, it has long been well-known phenomenon in the coal chemistry that the 
benzene-methanol mixed solvent enhanced its coal extractability. Actually, as far as our 
swelling measurements, both individual solvent can not give us a large amount of Q- 
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value, but the mixed solvent system has demonstrated completely different figures on their 
swelling parameters ( Q & V)  as shown in Figure 2. In this case, not only the Q-value, 
but also the V-value exhibited large synergistic effects on the solvent composition. 

Obviously, there are several interesting features on this swelling behavior, suggesting 
the different swelling mechanism from the Type-I synergistic effect described above. 
Namely, in this case, both the Q-value and the V-value showed large synergistic effects on 
the solvent compositions. This means that some specific interactions will exist between 
each solvent molecule toward the macromolecular network structure of coal. We can 
categorize this type of swelling, as "Type-11". 

Almost ten years ago, Iino et a1.(2] reported so-called "magic solvent system" on a coal 
extraction. Since then, any detailed information concerning the extraction mechanism did 
not come out in the literatures. We have initiated a study on the rationalization of the 
mechanism of the Magic solvent extraction by means of the solvent swelling 
technique. 

In Figure 3, a solvent swelling phenomena of Illinois No.6 coal in CSZ-NMP system 
measured by our instrument was demonstrated. 

As expectedly, the significant synergistic effect was observed on both the Q-value and 
the V-value like a Type-I1 swelling system described above. As far as the swelling data 
shown in Figure 2, and 3, it seems to be quite difficult to rationalize the difference on the 
swelling mechanism between them. However, there are quite interesting data suggesting 
different type of a specific molecular interaction between both solvents like a kind of an 
electron donor-acceptor complex formation, of which detailed discussions will appear in 
our next paper. 

Anyway, we like to categorize this type of synergistic effect as "Type-111". 

2.  "Type-I" synergis t ic  effects on coal swel l ing 
Some years ago, we had revealed the steric requirement of coal towards penetrating 

solvent molecules.[3] Coal exhibits a significant steric restriction to the penetrating 
molecules probably because of their cross-linking network structure like a "molecular 
sieve". For example, the initial swellin rates of Illinois No.6 coal in n-, sec-, iso- and 

This means that the swelling rate (V-value) of Illinois No.6 coal in a sterically bulky t- 
butyl amine was 600times slower than that of a less sterically hindered n-butylamine.[3] 
Therefore it is quite difficult t o  evaluate the accurate equilibrium swelling value (Q) in the 
bulky molecule solvent system, because of the very slow swelling rate, i.e., in the case of 
t-butyl amine its swelling was still continuing even after 10 days. 

Meanwhile, as shown in Figure 4, we have found that this steric requirement of coal 
could be dramatically relieved in a mixed solvent system such as a methanol solution. 
Namely, in this solvent system, the equilibrium swelling value (Q) of the sterically 
hindered molecule seems to be increased by the addition of a small amount of methanol, 
and the further increase of the methanol concentration results the exactly same Q-values of 
the less hindered molecule. 

In order to confirm this speculation, we  had conducted a dynamic swelling 
measurements of Illinois No.6 coal in the 20%-MeOH / EON solution. The result is 
demonstrated in the Figure 5 comparing with the one in CSz/NMP mixed solvent. 

In the case of MeOWEON solvent system, a strange behavior was observed at the 
initial stage of the coal swelling. Namely, a rapid penetration of solvent molecules into 
the coal matrix was induced within a minute after the mixing of coal and solvent, and then 
a slow but steady swelling was followed it. 

It will be quite interesting to examine the solvent composition change at the initial stage 
of such coal swelling as shown above, because we can assume what kind of solvent 
molecule predominantly penetrated into the coal matrix. For this experiment we had 
carefully arranged the experimental condition as follows: The ratio of the coal and solvent 
was determined by a calculation from their ratio at the equilibrium swelling, which will 
make us easy to determine a small change of the solvent compositions in the supernatant 
by means of gas-chromatography. The initial contact between coal and solvent was 
performed by the introduction of the mixed solvent into the previously evacuated test tube 
in which the coal sample was placed. The results obtained are shown in Figure 6. 

Very interestingly, the MeOH-concentration in the mixed solvent significantly 
decreased at early stage of swelling, which seemed to be comparable to the change of 
swelling volume of coal. 

All of these expenmental data strongly suggest that the coal swelling in the binary 

/ 

I 

._ 

tert-butylamine were 3.7~10-1, 6 .8~10-  1 , 3.1~10-2, and 6.2~10-3(min-~),  respectively. 
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posed by a sterically hindered molecule and a less hindered molecule 
coal/solvent-gel formation induced by the predominant penetration of 

the less hindered solvent molecule. Actually, in according with our previous swelling 
measurement in the neat solvent system, Illinois No.6 coal swelled in methanol 60times 
faster than in t-butyl amine.[3] Thus in the binary solvent swelling system a methanol 
molecule has to predominantly penetrate into the coal, inducing a significant relaxation of a 
Steric requirement due to the cross-linking network structure of coal, which will make the 
sterically hindered molecule like a triethylamine easy to penetrate into the coal matrix. We 
would like to call this type of steric relaxation as "Wedge Effect" of the mixed solvent 
demonstrating in Figure 7. 

Actually, the solvent swelling was always involved with a sterically hindered molecules 
as a counter part of methanol, like a trimethylamine or dimethyl aniline. 

In order to verify our speculation discussed above, we took another advantage to use a 
cross-linked synthetic polymer (styrene-divinylbenzene co-polymer: Bio-bead SX, BIO- 
Rad Ltd.), which had the known covalent cross-linking density and chemical structures. 

Figure 8 shows our experimental data, which was obtained by using a hexamethyl 
phosphoramide (HMPA) as a sterically hindered component and a dimethylfomamide 
(DMF) as a less bulky component. Obviously, there is a dramatic increase of the Q-value 
of HMPA by the addition of small amount of DMF. 

All of these experimental data discussed above seems to be consistent with that the 
Type-I synergistic effect will be induced by the relaxation of the steric requirement of coal 
resulted by the initial formation of the coal-gel due to the predominant penetration of the 
less hindered solvent molecule. 

3 .  "Type-11" synergistic effects on coal swel l ing 
Just recently, we had developed a reliable chemical determination of the oxygen 

functionality in coal,[7] and learned that there were significant amount of carboxylic acid 
functionality, phenolic hydroxyl and alcoholic functionality in even bituminous coal like 
Illinois No.6 coal. Based on our preliminary analysis of coals by means of this new 
technique, the content of these acidic hydroxyl functionality in Illinois No.6 coal 
(pyridine-extract) reached up to 1.5, 12, and lounits over loocarbon atoms, 
respectively.[8] This means that the density of the functionality in the macromolecular 
network structure of coal is approximately one unit per 16 carbon skeleton. This is just an 
amazing fact, because the most of these oxygen functionality in coal are potentially capable 
to fomi'a hydrogen bonding which is thought to play a major role for inducing the 
apparent cross-linking, as illustrating in Figure 9. 

This modeling is our standpoint to understand the mechanism of the "Type-11'' 
synergistic effect on coal swelling. 

There may be at least two key factors for distinguishing Type-I1 from Type-I 
synergistic effects. Namely, the Type-I1 can be observed even in the mixed solvent 
composed of less hindered molecules, and also exhibits a significant synergistic effect on 
the swelling rate (V-value in Figure 2). 

a benzene 
molecule must have a big h-ouble in its initial stage of the penetration, because of the 
blocking by the polar cross-inking like a hydrogen bonding, even if there were some 
comfortable spaces inside of the macromolecular network structure. In this case, very 
naturally, the coexistence of a polar and small sized molecules like a methanol in the 
solvent will induce a destruction of an apparent cross-linking structure constructed by a 
hydrogen bonding with same manor as Type I synergistic effect discussed above. 

It will be also true that the polar solvent like a methanol could be in trouble to penetrate 
into the macromolecular network structure, because of the apparent cross-linking due to 
n-n interactions between aromatic rings. In this case, the coexistence of benzene in the 
solvent must help its penetration by breaking such non-polar bonding interactions in 
macromolecular network structures. 

This speculation, To-operative Swelling" can be verified by the same treatments as 
applied to the Type-I synergistic effect shown in Figure 6. The solvent compositions 
during the coal swelling in a benzene/MeOH mixed solvent were analyzed by using the 
same technique as described in Type-I synergistic effect. The results obtained are 
summarized in Figure 10. 

It is obvious that there is an interesting difference between the Type-I and Type4  
synergistic effects on the solvent composition change during a coal swelling, that is, in 
the case of the Type-I1 synergistic effect, both solvent systems, 20vol%-benzene/MeOH 
and 20vol%-MeOH/benzene, exhibited the predominant penetration of benzene and MeOH 

If the coal had such polar hydroxyl functionality as mentioned above, 
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molecule into the macromolecular net work structure of coal, respectively. These 
phenomena can result in a synergistic effect because of their cooperative destruction 
toward apparent cross-linking structure formed by polar and non-polar bonding 
interactions in the coal matrix. 

Actually, we often experience a curious solvent dependency of the solubility of the 
condensed aromatic compounds, for example, benzene can dissolve anthracene very 
nicely, but a methanol, even DMF can not dissolve it. This phenomenon is suggesting 
that the aromatic-aromatic interaction in coal may be far larger than our imagination. 

Anyway, in this solvent system, the major role of the methanol molecule is thought to 
be the relaxation of the apparent cross-linking structure caused by destruction of the 
hydrogen bonding. If so, the combination with a molecule which has more stronger 
hydrogen bonding ability than methanol, like trifloroacetic acid (pKa=2.5) must induced a 
more larger synergistic effect. The same idea will be,applicable to the swelling 
experiment, in which a strong base like a tetra-butylammonium hydroxide (n-Bu4NOH) is 
used as a destruction agent of a hydrogen-bonding cross-linking in the macromolecular 
network structure of coal. 

These facts can be rationalized with the decreasing cross-linking due to hydrogen 
bonding in the macromolecular network structure of coal. Under these circumstances the 
equilibrium swelling value (Q) and the swelling rate(V-value) of the coal swelling must be 
increased by their cooperative destruction of the apparent cross-linking structure of coal. 

CONCLUSION 
The synergistic effect observed on the coal swelling in binary solvent were categorized 

three types, Type-I, Type-11, and Type-111. The Type-I can be rationalized by the 
relaxation of the steric requirement of coal induced by the initial formation of coal-gel. 
The Type-I1 synergistic effect consistent with the cooperative destruction of the apparent 
cross-linking structure, such as hydrogen bonding or a n-n bonding interaction, 
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S~UCl'IYRE OF COALS REVEACED BY SLOW STEP SCAN XRD 

AT THEIR SWELLING ' 

Keywords Argcnme samples, step scan XRD, dvent  swelling 

ABsrRAcr 
Argollne coal samples w m  treated in diluk acetic acid aq. or polar solvents such as DMFand pyridine, 

and d y a d  by high nsolution slow step scan XRD to clarify the && of such pretmtments on the 
semdary aggregate smdm in the coals c a d  by m a v a l e n t  bonds interzacticxrs Solvent swelling 
ratios of the lower ranked Beulah-zap and Wyodak coals with pyridine and DMF increased significantly by 
the mildacidkatnmt, Suggesting that the coal aggregate shucture may be rearranged to more mobile and 
weaker forms through the removal of ion-excbangeable cations. The slow step scan XRD profiles of the 
coals showed that the peaks forthe organic components can be classified into two parts; one is ascribed to 
the aKJmaric piane stackingintendions(amlmd as"), the other is probably due to the interactions among 
aliphatic Side chains (around Z O O ,  that is called y-band). The s o l v e n t - ~ o l h  &S with polar dvents such 
as @dine or DMF inteosified the peaks for the y-band even a h  the m v a l  ofthe solvent by w a g  with 
methanol. The sdvent-impregnated coal gel (solventlcoal weight ratio of unity) also showed the intensified 
y-band, suggesting that the solvent i&If may amtribute to the reanangement of the ordered packing in the 
coala~stlumueprobaMy~tothealiphaticSidechainentangl~tandhy~bcod 

EWRODUCTION 
c o a l s c o n s i s t o f p l i m a r y m a n o m o l ~ ~ a n d i t s ~ ~ n e h v o r k , l a a e r o f w b i c h i s c a ~ b y  

aromatic ring stacking, aliphatic side chain entanglement, and hydmgen bonds, cation bridges, charge t rader 

Coal pretreatments have been developed to mcdify the coals for theii easiex transportation, grinding, 
drying, stow and the fd&g amvemion p~ocesses such as pyrdysis liquefaction, and @cationw 
Flotation and washing treatments with water, acid or badc solution are one of the conventional procedures for 
the removal of mind lllatters and contaminants by a simple gmvimehic sepation and fdmiion, 
respedively. tion of coals by the aid of oil 
agglomeration or &-bubble flotation. The seleded sdvents for the latter pmedure can dissolve a put of 
water-soluble mind matters and ion-zcbangeable cations during the storage, hansportation or grinding - 

Solvent swelling and impregnation treatments of the coals have been the one of the most classical 
methods for the modificaton of the coal macrmnolecular smdm induced by the nonoovalent bonds 
intendons such as bydmgen bond, eledrostatic interactions, and aromafic plane stacking."15 Selection of 
sdvenf and its amount nqW for the swelling or impregnation should be carefully optimized for the design 
of the mart effcient and adequate solvation of the coals. polar solvents such as *dine, THF, and DMF 
have been reputed to be quite effective for the liberation of the noncovalent bonds inmactions in the ccd 
macwnolecular netw& It was qmted that the impregmion of a small amount ofpyidine enhanced the 
coal fusibility and the following cubcmization d v i t y  even after the extraction of the soluble f d o n ,  
because pyridine played an impoltant role in the liberation of hydrogen bond and the favorable rearr;plgement 

ofthe coal aggregate stntcture during the heat treatment and carbonization. l6 
X-ray diffmction@RD) have been applied to the charadetization of carbonaceous materials including 

coals for the bener understanding of !hii molecular-level shucturing and ordered packing extent of their unit 
Slow step scan XRD analyses have been reputed to give the bigher resolution d the -nn 

d i f i i i  classifyiog the carbon~lated peak murid 20- %"into hvo p t s  ; one is derived from 
d c  ling stacking mund 26 O, and the other is derived from aliphatic chain entanglement am& 20 O. 

The ratio ofthe twopeaksdepmhonthe coal rank, and hence the secondary macrOmolecularmot& in 
coalsisinfluencdbytheirratio. 

intelactiionsthroug6 oxygen functional groupsl-5 

Tbe fommprcrm can be pfmed to the den' *' 
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hthe present study, four coals in the Argonne Remium coal Bank wae treated in.diluted acetic acid 
or polat solvents such as DMFand pyidine forthe moditication ofthe secondaryaggiegate .matre ofthe 
coals A prelinrinary measurement ofthe slow step scan XRD indicated that the XRD panemsofthe coals 
may chauge by the mild acid treabnent dorsa lven t  swelling tmhmnt, 

ExpERIMENLfi 
coae 

~coals(1oomesh~)ofBeuleh-~,wy~,lllinois~.~),andupperFreeport 
~ i n t h e A r g o r m e R e m i u m c o a l E i a u k w m u ? € = j i n t h e ~ t ~ .  
Aeia- 

15 g of the coal was treated in aqueocrs 16 md acetic acid or meihoxyeli~~xyacetic acid with lowt% 
e b m l  at mom temperaam under atmospheric nitrogen flow for 26 - 46 h. Attathe filwtion, the aci& 
treated coals were dried overnight at 60 "C under vacuum. The fillhates w a e  analyzed by Inductively 
coupled SPlsaO, Seiko Qedmma) to quanhfy the eluted metal catim by the acid heatment 
The degreesofthe deminaalization Were  calculated basedon the diffemlce in the elemental compositions 
between original andtreatedcoalsTherenmvalratioofreqdivemetal wascalculatedbassdonthe ash 
analysisdatasllppliedf~ArgoMeRerniumcoalBank. 
S d m t S w d l i n g d ~ n  

0.4 g ofthe coal was mixed with a @bed amount of solvent in a graduated test tube, and sealed at 
40 "C under nitrogen flow f a  a few days to - the swelling ratio by some solvents mdine, DMF, 
methanol and benzene were used as solventsfor the swelling of coal. The swelling ratio (Q) was calculated 
as follows; 

Q = M l O  

hc height of swollen coal layer in the tube 
lao; heightofcaalpatiiclelayerwithoutsolvent 

The solvent implegnation treatment ofthe coals with pyridine, DMF, or THF was performed by mixing 
the coal powder with solvent at the weight ratio of unity at 40 "C. The sdvent-swollen coal was washed 
with metbawl to remove the solvent 
XRD- 

The slow step Scanning XRD (Rigaku %&ex) of coals before and after the acid ptetmmmls was 
measLtred by the Scaoning speed d0.4 s e d O . 0 1 O a t  morn tempmbm. The s o l v e n t h  were analyzed by the 
step scan m with or without the removal of solvent 

RESULTS AND DISCUSION. 

~ O l C a a l ~ ~ b y t b e A d d ~ ~  
Figure 1 illuaates slow step scan XRD paltemsobtaioedfor coals More a d  after the acid treabnent 

In all coals a brcad diffraction protide was obtained amund 20". The acid treatment inteosifres the 
ctif€don in lower-ranked coals of BZ and WY coal. In contrasf a higher-ranked coal of IL did not change 
its d i f f d o n  paaws befm and after the acid hpahnent It is suggested that ordered packing in the lower 
rankingcoalscaabe ~~bytheliberationofaggregateshuchueduetotheFemovalofcationbridge. 

SOlVt¶tS%dtiUgBehwiorsQtbeCosbs 
figure 2 illushates the swelling ratio in coals ofdiffmnt mnks by four solvents The extent of swelling 

oforigtnal coal WBS in the order of pyridine > DMF, metbawl > benzene. The acid heatment 
signi!icantly increased the swelling ratio of the lower rank coals of BZ ad WY, while the swelling ratio of IL 
coal didnot change so much by the acid heatment 

very refradoly against the swelling by the polar solvents such 8s 

pyridine and DMF pmbbly due to the sbmg catimbidging mt.ough the oxygen functional group The 
s ~ ~ s t r u c t u F e ~ a h i g h e r - r a n k e d c o a i I 1 t h e a c i d  heahnentbecawsofits 
lowercontentsofbothionexchangeablecaiionsandoxygenfunct~~~~intheinsensitivityto 
the swelling with polar solvents Less and con-polar solvents b e d  much d e r  swelling of which 
extentappzmmtherindependentontheirranks 

F i p  3 showsthe XRD pafiles of BZ d More and aftathe sdvent swelling heatment with DMF 
or pyridine followed by washing with methanol. The peak mund 20 O was inteosifed by the sdvent 
~tevenafterthewBEhingwithmethano1,indicatingthatsolventswellingheahnentwithpolarsolvents 

Nm-treakd lower-ranking coals 
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may Ranangethe aggregatestnldlm caused by aliphatic chain entanglement to moreorientedform. It is 
~~~hedfedwithDMFisrwresgmficantthanthatwithpyridine. 

Figure 4 iIluaates the XRD planes of DMF-tmted BZ coal befm and aftathe acid heatmnt The 
ddtreahnent SlightIy intensified the peakamd 26 ‘,indicating that the d c  ring stacking may be 
reawngedtoasdextmtbythe~ofbridghgcations. hotherwo&thesolventtmbnentofBZ 

with DMFmay mhibute to the aliphatic chain entanptement, while the acid tmtment may be more 
Sensitive to the ammatic ring staclcing CBUsed by newly formed hydrogen bonds 

Figure5 shows the XRD p c t t e m s o f w & p  and Wy& d b e f o r e  and aftathe solventwelling 
beabnents with and without the removal of DMF. The solventwokn coals with pdar solvents such as 
f i d k  and DMFiotensified the peaksfor the y-band wen after the removal ofthe sdvent by washing with 
methanol. It is noted that the solvent-- coal 9% (solvent/coal weight ratio of unity) also showed 
the intew&d y-band peak without the removal of dvent ,  s u g p t i q  some amhibution of the solvent itself 
to the rearnmgementofthe coal a!&gEgate structure. It is also suggestedthattheintaaction of polar solvent 
with coal mmumoldes k u g h  the oxygen functional pups may slwive and influence the seooradary 
aggregate shctue in the lower ranked coals even aftathe removal of solvent 

Figm 6 shows the XRD plofiles oflL and UFcoals before and afta the irnpIlegnafion tmtment with 
DMF. Ihe D M F - i i p t e d  coals of the higher mk gave a inteasified peak around 20 O, although the 
extent was much d e r t h a n  that with the lower ranked coals of BZ and WY. It is suggested that DMF 
may intaaCtmore weakly with the higher ranked coals which havelw oxypfunctional g m p  but with 

Based on the above d e ,  the interactions between coal and solvent cau be m t d e d  by changing the 

m- is declive for the detection ofthe change in coal aggregate stnume c a d  by the non- 
covalent bonds intaactions such as aliphatic chain entanglement, d c  ring staddng, charge transfer, 
and/orhydrogenbOnds 

mCmesndlargeraromatiCring% 

combinations d coals of diffaent rank with solvents of diffemlt polarity. The slow step soul XRD 
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INTRODUCTION 
Low rank coals, such as lignite and brown coal, have high residual moisture contents in the range 
of 30-70wt% [l]. Due to such a high moisture content of the coal, moisture removal is the first 
and essential step in almost any process for upgrading or utilizing them. Since the moisture 
removal is known to have a significant effect on the physical and chemical properties of dried 
coal, fundamental understanding of moisture removal is of some consequence. It would be easy 
to imagine that the effects are brought about by the change in macromolecular structure of coal 
along with moisture release (21. Although it is considerable that the physical change of coal 
during drying process is caused by the change in macromolecular structure of the coal, the 
natures of macromolecular structure of coal have not been fully understood. Recently, 
computer-aided molecular design (CAMD) technique has applied to the area of fuel chemistry to 
obtain insight into the structure, properties and interactions of macromolecules. Carlson has 
determined three-dimensional minimum-energy conformation of four bituminous coal models, 
and indicated that nonbonding interactions, in particular, van der Waals and hydrogen bonding 
interactions, are strong driving forces to form and stabilize the three-dimensional structure of the 
coal models [3]. Takanohashi and co-workers determined the minimum-energy conformation 
of bituminous coal by CAMD and reported that the bituminous coal has a possibility to have 
associated structure of coal molecules which have a continuous distribution of molecular weight 
[4,5]. In the present study, the conformational change in macromolecular structure of an 
Australian brown coal with its moisture removal process was simulated by means of a CAMD 
method. 

EXPERIMENTAL 
CAMD calculation method 
The CAMD study was carried out using PolyGraf software. The software allows treatment of 
relatively large molecules containing up to 20 000 atoms and is capable of calculating the most 
stable structures with the minimum conformational energies using AMBER, MM2 and 
DREIDING force fields. The energy for 
model molecule was evaluated from forces of bonded interactions (bond; b, angle; E,, torsion; 
E,, inversion; E,), and forces of non-bonded interactions (van der Waals; E,,,, electrostatic; E,,, 
hydrogen bond; Ebb); as follow: 

In this study, the DREIDING force field was used. 

E = (Eb + E. f Et f JQ + (JLw + E., + 

The structure of Yallourn brown coal (YL) was modeled by two oligomers, namely a tetramer 
(Mw=1540) and a pentamer (Mw=1924), of unit structure. The unit structure which was 
constructed on the basis of the data from elemental analysis and "C-NMR spectroscopy of the 
coal is shown in figure 1. Each oligomer was specially arranged so as to have no interaction 
with others. Simulations of moisture removal process were initiated by generating 360 water 
molecules (65.25wt%, wet basis) surrounding the model molecule and the minimum energy 
conformation (MEC) for the model with water molecules was calculated based on molecular 
mechanics and molecular dynamics methods. After MEC was obtained, the potential energies 
and volume were calculated individually for the model molecule with water and model molecule 
alone. The The volume was defined as the void volume using water as a probe molecule. 
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dculat ion was repeated decreasing the number of water molecules step by step lo 0, and finally 
MINEC for model molecule with 0 water, i.e., completely dried coal was obtained. Re- 
adsorption of water onto the completely dried coal was also simulated in the same manner by 
generating 360 water molecules surrounding the model molecule with 0 water. 

Coal Sample 
Yalloum brown coal (YL, Moisture;60.0wt% wet basis, ash; I.lwt% dry basis, C;62.6wt%, 
H;4.6wt%, N;0.7wt%, S;O.3wt%, 0;31.6wt% diff.) was selected and used as a sample. The 
moisture content of the sample coal was controlled by varying the relative humidity in a vessel 
from 0 to 84% at 303K using conc. H2S0, and aqueous solutions saturated by selected salts. 

volumetric Change Measurements 
For coal drying process, partially and completely dried brown coal samples were placed in 
constant diameter tubes (8 mm id.), then centrifuged for 5 min at 4 500 rpm. After which the 
height of the coal particle bed was measured by caliper. For volumetric recovery measurement, 
water was added in the tube containing completely dried sample, then the contents were 
vigorously stirred. The 
tube was centrifuged again for 5 min at 4 500 rpm, then the height of coal bed was measured. 
The volumetric shrinkage of sample during moisture release process was determined by referring 
to the initial volume of as received sample. The volumetric recovery of dried sample was 
determined by referring to the initial volume of as received sample. 

The tube was sealed and placed in an oven kept at 303K for 7 days. 

RESULTS AND DISCUSSIONS 
The volumetric change of the YL during moisture release process was determined. The results 
are shown in figure 2 as a function of the extent of moisture removal. During moisture release 
process, the volume decreases monotonously with moisture removal, and reaches nearly a half of 
initial volume at the final stage. The volumetric recovery for completely dried brown coal was 
also determined. The volume of the completely dried sample is not recoverable with moisture 
re-adsorption. These results reveal that the volumetric change of YL is irreversible when the 
moisture is removed completely from the coal and imply that the irreversibility is caused by 
conformational change in the macromolecular structure of the coal during moisture release 
process. In order to elucidate the conformational change, CAMD technique has been applied 
for simplified brown coal model molecule. 

Volumetric change in MEC of YL model molecule during moisture release process obtained with 
CAMD calculation is shown in figure 3. The MEC were extracted after 100 pico-second 
molecular dynamics calculation. The calculated volume for MEC of YL model molecule with 
water molecules, here after defined as COALIWATER, shows monotonous decrease with 
moisture removal. The volumetric changes of COALIWATER well corresponded to the 
experimentally observed volumetric changes of YL. The conformation for MEC of YL model 
molecule alone, defined as COAL, showed an extensive shrinkage of the size from the initial 
expanded to the contracted as well as deformation of the shape with a decrease in the number of 
water molecules. The volume for COAL remains constant with the extent of moisture removal 
up to 60%. A significant decrease in COAL volume is observed with the extents higher than 
80%, resulting in a completely dried COAL with a volume being 80% of the initial one. 
For re-adsorption of water molecules onto the completely dried coal, COALIWATER recover its 
volume by 85% of the initial one. The volume of COAL, however, is not affected by moisture 
re-adsorption. These CAMD calculation results indicate that removal of water molecules is 
responsible for the volumetric change of COALIWATER with progress of moisture release, and 
change in the conformation of COAL proceeds in the final stage of moisture release. Also, the 
conformational change is irreversible and re-adsorption of water molecules causes an increase in 
coal volume without affecting the coal conformation. 

The total potential energies for COALIWATER (Em) can be assumed as a sum of three potential 
energies, i.e. COAL (Ec), water molecules (Ew) and interaction between brown coal model 
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molecule and water molecules (h), as follow; 

Ew= E, + & + E,- 

Figure 4 shows the change in E, and Ec as a function of moisture removal. Monotonous 
increase in E, clearly indicates the marked contribution of water molecules on the stabilization 
Of coA-C/WATER. The stabilization could be attributed to the non-covalent interactions among 
water molecules and between YL model molecule and water molecules. E, decreased 
drastically for the extent of moisture removal of 80% and the change corresponded well to the 
volumetric change of COAL. The decrease of E, suggests the stabilization of COAL, whereas 
the increase of E, means that COAL/WATER becomes unstable along with moisture release 
process. For moisture re-adsorption, E, shows incomplete recover, since E, revels 
completely to its initial value. This means that the YL model molecule has most stable 
conformation at completely dried state. While the effects of moisture release on the conversion 
reactivity thought to be due to a physical change, such as collapse of pores, the stabilization of 
the macromolecular structure also makes contributions to the conversion reactivity. In 
summary, the change in conformation for YL model molecule with its moisture release process 
could be successfully simulated by using the CAMD method. Although the coal model 
molecule employed in this study is rather simple, the results appear to represent the 
characteristics of the brown coal, at least volumetric change with moisture release process. 

\ 

, 

CONCLUSIONS 
1. Change in conformation of Yallourn coal model simulated by CAMD method well 

correspond to the observed volumetric changes of the coal 
2. Removal of water molecules results in a drastic conformational change in the final stage of 

moisture removal. 
3. Re-adsorption of water molecules causes increase in coal volume without affecting the coal 

conformation. 
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ABSTRACT 
The nature of hydrogen bonds is predominantly electrostatic and strongly coupled to the 
environment in such a way, that formation or breaking of hydrogen bonds is accompanied by 
redistribution of electric charge among the participants. The intensity of infrared absorptions is 
related to charge separations along a particular bond. Therefore Fourier-Transform Infrared (lT- 
IR) spectroscopy is a promising tool to study the question whether charge separation in hydrogen 
bonding is important in coal. The objective of this study is to observe trends in infrared ' 

absorption intensities of hydrogen bonds, and in addition free OH and aliphatic deformation 
modes, as a function of moisture content in low rank coals, where hydrogen bonding is 
significant. FT-IR spectra of Zap lignite with varying moisture (0.22%) content were collected 
using the KBr pellet technique, and the spectra were curveresolved in the 3700-1900 cm-' 
spectral region. The Mie theory of scattering was used for baseline correction and to calculate 
apparent density of coal particles. The data suggest that, in this particular lignite, charge 
redistribution as a result of hydrogen bonding is significant. It was observed that all of the 
measured quantities, i.e. the intensities of free OH, weak, medium and strong hydrogen bonds, 
aliphatic deformation modes as well as apparent density are influenced by the water monolayer 
buildup below 10% moisture, and that the direction of this influence reverses after saturation of 
the monolayer. A qualitative explanation of the charge redistribution mechanism involving 
polarization by hydrogen bond is given. 
INTRODUCTION 
Model calculations concerning quantitative aspects of hydrogen bonding in coal require that 
other noncovalent interactions, such as van der Waals forces, ionic and charge transfer type 
interactions, be more or less separable from hydrogen bonding. However, considering the nature 
of hydrogen bonds, this might not be true for coal. It is widely accepted that the nature of 
hydrogen bond is strongly electrostatic [ 1,2]. Consequently, the formation or breaking of 
hydrogen bonds is accompanied by redistribution of charge among the participants. Hydrogen 
bonds are also strongly coupled to the environment. For example, it was shown that in 
polypeptide chains hydrogen bonding and n-n stacking reinforce each other [3]. Quantum 
mechanical calculations reveal that a small change in the interaction potential originating from 
the vicinity of the hydrogen bond may lead to large-scale change in the bonding [4,5]. This 
interaction may be enhanced by the cooperative behavior of certain electric charges in coal. As a 
result this charge redistribution may well be extended beyond the participating coal molecules. 
Perhaps a good example of this is that coal can sustain and stabilize free electrons by 
delocalization along a larger condensed aromatic segment. Moreover, Flowers and coworkers [6] 
reported that the electron transfer to coal was a bulk property. If secondary effects of hydrogen 
bonding in coal are significant, it concerns important aspects of volumetric swelling theories like 
the separation of physical intermolecular interactions from hydrogen bonding interactions [7,8], 
and also dynamic properties of hydrogen bonding [8]. Another question is whether coal swelling 
can properly differentiate between free and hydrogen bonded OH functionalities [9] andor inter 
and intramolecular hydrogen bonds. Since the intensity of infrared absorptions are related to 
charge separations along a particular bond, infrared spectroscopy seems to be a suitable tool to 
study this question. As a bonus to this approach, the apparent density of the coal particles can be 
calculated by applying Mie theory of scattering on the infrared spectra [IO]. Water is natural to 
the coal structure and it was assumed that its presence in varying concentrations would invoke 
gradual changes in hydrogen bonding. A low rank coal (Zap lignite, Argonne Premium Coal 
Bank) was chosen in this work to study this question because of its capability to absorb 
significant amounts (up to about 26%) of moisture. 
EXPERIMENTAL 
The Zap lignite was dried in vacuum oven for 24 hours at 107 C" to decrease the moisture 
content to about 1.5%. The residual moisture was estimated by the TG-IT-IR technique [II] .  
The samples with varying moisture content were prepared by mixing wet (26%) and dried 
(1.5%) samples, and equilibrating them in sealed vials for one month. Fourier Transform Infrared 
(IT-IR) spectra were collected using the KBr pellet technique [12]. It was found that the 
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moisture equilibration between the coal particles and KBr at room temperature was very slow. 
However, at 107 Co in vacuum the moisture content of the coal particles in the KBr pellet could 
be decreased below 1.5%. A typical coal spectrum is shown in Fig. I .  The sloping baseline is the 
result of light scattered by coal particles, and it can be corrected using the Mie theory [ 101 where 
the adjustable parameters are n (index of refraction), D (average particle size, pm) and d(particle 
density, g/cc). There are two regions with only scattering (above 3700 cm'l and between 1800 - 
1900cm-' ) to occur and scattering vanishes below = 800cm.'. Therefore the values of the d, n, 
and D could be determined iteratively through minimizing the integral functions 
[ ( l , (d ,n,D) - I ~ ~ ~ ~ , , , ) W . ~ .  D) 1. 

All three adjustable parameters are known [IO] to fall between 1s d,n,D <2 , I is the sum of 
adsorbances in the 3700-4500 and 1800-1900~m~~ region for the calculated (Mie) and measured 
(Spectr.) spectra with  IN^^= 0 below 800cm-'. The errors of the adjustable parameters, &, An and 
Ao, were obtained through setting Ad=0.05, and than estimating the corresponding errors of n and 
D ( An = 0.01 and AD'= 0.01). This approach is valid, because the fit with the d, n, D parameters 
is excellent. n and D was constant within the error bar for all samples with n=1.64 and D=1.50. 
The baseline-corrected spectrum of the 1.5% moisture sample is shown in Fig.1. It is also seen 
from this figure, that the pellet drying of this sample resulted in decreased hydrogen bond band 
intensities (3600-3000cm-' region) but significantly increased the scattering. The additional 
scattering occurred on microcraks in the KBr pellet as a result of pellet drying. Therefore the Mie 
theory is not applicable to dried pellet samples without proper modifications. A rectilinear 
baseline correction [ 121 approximation was used in this particular case. 
The conventional spectral deconvolution techniques usually fail if applied to spectra with highly 
overlapping bands [13,14]. An alternative approach used in this work is to choose available 
literature band assignments as the input parameters for the active IR bands in the 3700-1900~m~~ 
spectral envelope. The input band positions were: free OH (3618cm-I) [15], weak (3560; 
3495cm.'), medium (3450; 3409; 3300; 3204; 3122cm-I) [14-191 and strong hydrogen bonds 
(2741; 2555; 2372; 2215; 2043; 1902cm-I) [20], aromatic stretching vibrations (3040cm-I) [20] 
and aliphatic stretching and deformations (2960; 2935; 2900; 2870; 2840cm-I) [20,2 I]. The 
aromatic and strong hydrogen bond bands were broadbend (bandwidths in the 100cm-l order) 
contributions, and the band shapes were Voigt functions [21]. The final band positions and 
shapes can be optimized by the curve-resolving routine (Spectra Calc., Galactic Ind.), but curve- 
resolving does not work well if narrow and broad bands overlap, which is the caqe for the 
aliphatic modes as seen in Fig.1. (between 3000cm.I and 2800cm"). Therefore, the aliphatic 
absorptions were stripped off from the spectra and the two spectral fragments were curve- 
resolved separately. 
RESULTS AND DISCUSSION. 
Infrared intensitv data. The total line intensity of a given i +j vibrational transition can simply 
be given as 

where N is the Avogadro number, c is the speed of light and pkx,y.z are the coefficients of the 
normal coordinate Qt in the expansion of the electric moment 

li., =+[(pj")z  + ( p y Z  +(p!")7 2. 

,ux = p: + ,u:)Qk +higher terms . 3. 
3N-6 

k=I 

where the higher terms are thought to be small. The same can be written for the y and z 
components. The x component of the electric moment possessed by the molecule in its 
equilibrium position, pox, is practically equal to the x component of the permanent electric 
moment and only vibrations that cause change in the electric moment are IR active. Since almost 
every molecule possesses sufficient symmetry, practically only one of the x,y z components is 
different from zero. IR absorption of an intermolecular bond of the type A - A may vanish 
because no dipole is generated by the vibration, but the IR absorptions in intramolecular 
hydrogen bonds may also vanish in molecules possessing sufficient conjugation in the vicinity of 
the hydrogen bond [22]. The same reduction occurs in stretching intensities of CH3, CH2 and CH 
groups adjacent to double bonds [23]. Thus, the weakness of the IR intensity of a particular band 
is not necessarily connected with symmetry. Rather, charge transfer or conjugation compensates 
dipoles induced by the vibration. For this reason, trends in hydrogen bond and aliphatic 
stretching mode intensity changes can reflect charge redistribution in highly unsaturated 
materials like coal. On the contrary, free (non hydrogen-bonded) OH intensity is fairly 
proportional to the free OH concentration and is less effected by conjugation. It was found, that 
in lignites with increasing moisture content first a water monolayer is formed which is saturated 
at around 10% water [24,25]. Than a simple scenario for the coal macromolecule can be 
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described as follows. If water is added, the specific sites of the molecule will form hydrogen 
bonds with water, and the sites may be either hydrogen donor or acceptors depending on the 
electronegativity difference between water and the macromolecule. After the monolayer is filled 
UP, hydrogen bonding between the second and first layer of water decreases the actual donor or 
acceptor character of the first layer, thereby changing the trend of charge transfer between water 
and Coal as further water molecules are added. However, in heterogeneous complex aggregates 
like coal, these trends might be scrambled. The results are summarized in Tablel, and it is seen 
that samples with around 10% moisture are indeed distinct. 
The free OH concentration is very low below 1.5% and it is maximum at 1.5% moisture. As a 
result of hydrogen bond formation with water, the free OH gradually decreases with filling up 
the water monolayer. Glass and Larsen [26] also observed the reaction of free OH with a number 
Of Organic bases. Free OH in coal can be stabilized sterically if there is no reacting partner in the 
immediate vicinity to form a hydrogen bond, or an existing hydrogen bond can be destabilized to 
form free OH through polarization by neighbors [5]. If the diminishing lR intensities below 1.5% 
water (see Table 1) were caused by partial decomposition of OH groups or other functionalities, 
it would not decrease significantly the free OH concentration, because the remaining OH groups 
will have an increased chance to remain free from interacting neighbors. A more suitable 
mechanism is intramolecular hydrogen bond formation coupled with increased conjugation. This 
supports a coal swelling model proposed by Painter and coworkers [27,28]. According to the 
model, the swelling of coal is associated with topological reorganization of the network rather 
than changing chain dimensions. Favoring intramolecular hydrogen bonding requires special 
folding of the macromolecules of which plenty of examples, especially among helical structures, 
exists in nature. 
The change of aliphatic intensities (see Table 1.) as a function of water content is a proof, that 
the charge transfer as a result of hydrogen bond formation with water extends to, at least, a larger 
section of the coal molecule being involved in the hydrogen bonding. An intensity minimum was 
observed at around the monolayer saturation. The aliphatic stretching intensities decrease with 
electron transfer towards the aliphatic functionalities. With hydrogen bond formation the electron 
density increases at the donor site. Therefore a qualitative explanation is that the coal is the 
donor in the hydrogen bond with water. 
The reduction, rather than the increase, of hydrogen bond intensities with the water monolayer 
buildup can also be related to the water monolayer buildup. As additional hydrogen bonds are 
formed, the donor strength of coal is decreased reducing the electronegativity difference between 
coal and water and increasing the symmetry of the hydrogen bonds. 
Apparent density data. Fig. 2 shows the calculated apparent (or particle) densities as a function 
of moisture. Using the linear relationship established by Suuberg and coworkers [29] for the 
swelling of Zap lignite with water, the proportional decrease of apparent density with moisture 
content can be predicted. The same trend is expected from comparing the true (He) density (1.55 
g/cc) [30] with water density (1.31 grkc, measured in our lab). Note, that the “water density” 
which is the true density of coal saturated with water (in place of He), is an approximation of the 
apparent density of water saturated coal. The apparent “swelling” densities in Fig.2 were 
calculated from the linear relationship (Suuberg) by normalizing the actual value at 1.5% 
moisture to 1.09, which is the average “Mie” density between 1.5 and 10% water. It is seen that, 
while the apparent “Mie” density is identical with the “swelling density at 1.5 and 21.8% water 
content, the change with water is not gradual, but rather abrupt at the monolayer saturation point. 
It is possible, that this is due to the particle size difference between the two type of experiment. 
The size of coal particles in the KBr pellets was 1.5 pun, therefore the presence of macropores 
larger than about half of that (= 0.6 pm) could be excluded. If the ratio of larger than d . 6 p m  
pores abruptly changes after the monolayer fill-up, this would explain the discrepancy between 
the scattering and macroscopic measurement techniques. 
CONCLUSIONS 
Infrared absorption intensities in the 3700-1900 cm-’ spectral region have been measured as a 
function of moisture in Zap lignite. The trends in absorption intensity changes as a function of 
moisture content can be related to water monolayer and subsequent secondary layer buildup. The 
polarization of hydrogen bonds changes direction at the monolayer saturation (= 10% water). 
These data suggest that the electric charge redistribution resulting from hydrogen bond formation 
andor breaking in low rank coals is significant. 
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Table 1. Infrared intensities. Peak areas, arbitrary units. 

wt% Partial sum of hydrogen bonds Aliphatic 
water Free 

OH* Weak** Medium** Strong** CHs* CH2* CH* 

1.5 11.8 36.8 133.7 66.0 1.6 4.9 1.9 
4.3 10.2 45.7 131.1 148.4 1.8 4.8 1.9 

10.3 5.2 20.3 93.3 63.8 1.4 3.5 1.7 

21.8 2.2 11.3 85.9 12.2 2.3 5.1 2.6 

< 1.5 0 7.1 55.0 46.1 1.5 4.3 2.1 

8.9 9.2 44.9 125.5 62.9 0.7 3.8 1.2 

16.2 5.8 31.8 95.9 53.1 1.7 4.6 2.0 

* Dry coal basis 
** Wet coal basis 
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Figure 1. FT-IR spectra of Zap (1.5% moisture) a) after baseline correction; b) before pellet 
drying; and c) after pellet drying. 

0 . He (true) density 

-E-- "Swelling" density 
1.4 He and water density 

t "water"density j 

0 5 10 15 20 25 
wt% water 

Figure 2. Comparison of calculated apparent densities. The "swelling" densities were derived 
from literature swelling data (Suuberg et.al. [29 ] )  and normalized to 1.09 at 1.5% moisture, while 
the "Mie" density was calculated from FT-IR scattering data using the Mie theory of scattering 
and the KBr pellet technique. In addition the true (He) density [30] (dry coal) together with the 
water density (wet coal) is also shown.' 
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In Siru F.T.LR MEAS- OF THE CHANGE IN EYDROGEN BONDIh'G OF COAL 
"tOUGE HEAT TREATMENT 

Kouichi Mia ' ,  W o  Mae, Li Wen, Takuni Kusakawa and Aldko Kumano 
Depamnent of Chemical E n g i n e  Kyoto UnivaSity, Kyoto 6058501, Japan 

INTRODUCI'ION 
It is well known that hydrogen bonding plays an importard mle to keep the maaomolecular shuclre 

of cod'" Several attanpts have been made to estimate the amount and the Sh-ength of hydrogen bonding in 
coal. H o w ,  m definae wethds have been preserded for the estimation One of the difficulties 
encountered for the estimation is the distniufion of hydrogen bonding, and another pmblems associated with 
the estimafion is the effed of adsorbed water. F.T.i.r. is believed to be a most pow& and convenient 
method to edmate the hydrogen bondmg.6" The water problem can not be completely overcome when 
the KBr pellet method wasused, aithoughthe method is said to be suitable to q w t h i v e  studies9 Fuller 
and Smyrl" s h d  that the irrsihr diffuse reflectance i.r. Fourier transform @RUT) technique with neaf 
undiluted, coal samples can be well utilized to bace the in-& reactions such as oxidation, dehydration, etc. 
Paint= et d.' clarified the amiidon of hydrogen bonded absorphon bands ranging 60m 2800 to 3600 ad. 
It is known that the absorption wave number of hydrogen bonded OH stretching vibration shifts from hat of 
6ee OH by Avm and that the Avm value increases with the increase ofthe stmgth of hydrogen bondmg. 

In liquid phase hydmgen-bonded adduct formation readions between phenolic OH groups and various 
bases (B) have been examined in 

where AH (< 0) is the enthalpy change of the radon, and -Lw is regarded as the strength of hydmgen 
bonding in general. Av, (X) for this d o n  is the wave number W m c e  between the 6ee OH in Ph- 
OH and the hydrogen bonded OH in Ph-OH-.B. Through separate measu~anents of AH [kT/mol] and 
Av, [an-'] for many phenol-base combinations a linear reMonship was found to hold between them by 
many investigators. The relationship obtained by Drag0 et al.", for example, is given by 

I 

I 

I 

t 

PMlH + B + Ph-OH-B ; AH (1) 

-AH=0.067A~,+2.64 (2) 
For solid-gas interabions, Kiselev16 found that a linear relationship between the heat of adsorpt~on, 

AQa FJ/mol], and the Av,[mi'] for a hydroxylated silica surface and Mlious vapors including steam. It 

W-bY 
AQa= 0.064 Av, - 1.16 (3) 

These works clarified that the OH wave number shift caused by the formation of hydrogen b o n k  is well 
related to the enthalpy change ofthe hydrogen bondmg formaton However, neither the dishibution nor the 
amount of hydrogen bonding were not taken into acccunt in these works. 

Recently Miura and his ~ ~ o r k e r s ' ~  have premed a method to estimate the skngth distribution of 
hydrogen bonding (HBD) in coal by use of F.T.i.r. and DSC. The method was devdoped by c o m b i i  
and extendmg the works of Drag0 et OL , Painter et d, and Kieslev. They found the foUowing -AH w. A v, 
relationship for water 6ee coals: 

In their analysis, howevm, F.T.i.r. measurements were performed using the KBr pellet technique, and hence 
the water effect might not be completely eliminated. Furthatnore, the absorption coefficients for different 
hydrogen bonded OH were assumed to be same as the first appmxinwion The latter -on a6'ects 
the amount of hydrogen bonding but does nd aJ€& the -AH w. Avm relationship given by eq 4. 

To overcome these weak points in the former anaJysis, an in-silu diffuse retlectance F.T.i.r. @RET) 
technique was employed for the measurement of specha, and the change in absoeon d c i e n t s  was taken 
into account in this papa. The improved method was applied to estimate the change of hydrogen bonding 
during the heating ofthe Argonne premium coals 6om 30 to 290 "C. 

ANALYSIS METHOD 
The method to obtain the HBD was originauy presented in a previous work'' TIE method was 

improved in this papa by taking into acccunt the change in absorption coefficients for different hydrogen 

1. Divide F.T.i.r.'spmm ranSing from 2200 to3700 cm-l into several hydrogen bonded peaks by a anve 
fittmg method as schematically given in Fig. l(a). The Ciamian distribution was assumed for each 
absotption band in this w o k  Three peaks associated with m d c  and aliphatic CH stretch vibrations 
are easily eliminated 60m the spectrum. 

! 

-M = O.O69Av, (4) 

bonded OH groups. The procedure to obtain the HBD by the impmvd method is summarized as follows: 

2. Estimate the amount of OH for the j-th & (n,& by the Beer law as follows: 

 OH ) j  = a j A j  (5) 
whm.4, and aj are respechvely the integral intensity and the absorption coefficient of the j-th peak In 
thjs analysis aj was assumed to be representeed by the equation presented by Detoni et al."for the 
hydrogen bonded NH groups 

a. = a 0  
' 1+0.0141(A 
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where ab is the absorption coe5cient of the stretch vibdon of the f?ee OH Then the amount ofthe OH 
W n d W  to the j-th peak, (I+,& is given by 

(7) 

(8) 

a 0  

I+O.O14lfA y,H)j 
( b H  j = 

3. ~~ethesmgthofj-thhydrogenbonding, (-w,byeq. 3 BS 

4. (I+,& Vs (-q relationship gives the distn'butlon of the strength of hydrogen bonding as shown 

( - A4)j = 0.069 (AVOH), 

schematically in Fig. I(c). 

Tablel. Ultimate- and owgm distribution of 8 Aqonne premium coals used [wt%] 
-=b-IdafI O ~ ~ m I d a f l  

c n N qa) ~SCOOH SOH SC=OSEIIXZ 

72.9 4.8 12 20.1 3.81 9.16 l.% 2.28 
333 7.68 0.74 2.56 
0.23 5.86 0.93 0.57 

w y o d a k ~  m@m) 75.0 5.4 1.1 21.0 

B U Q m y o n O  80.7 5.8 1.4 13.5 023 522 0.63 3.68 
--%Zk!.m(sr) 826 5.3 1.6 9.8 0.20 2.70 0.18 2.67 
-Prr?) 83.2 5.3 1.6 8.8 0.16 4.32 0.18 2.08 
~~0 85.5 4.7 1.6 7.5 0.14 l.% 0.44 0.36 
-(POO 91.1 4.4 1.3 2.5 0.05 0.98 032 024 

llhKii%(lL) 77.7 5.0 1.4 13.5 

EXPERIMENTAL 
Chk "nlpla Eight AIgOMe premium coals were used aS samples. The ultimate analyses 2nd the 
amount of OH and COOH oxygen" are given in Table 1. Coal samples -200 mesh were further ground for 
1 minute in a mortarjust before measurement. 
Appmabrs andpmahnz Au the IR spectra wae  measured at 4 cm'l m M o n  on a E O L  m- 
WINSPEC50 F.T.i.r. spechorneta with a microscope stage. A Mertler 84HFT hot stage, shown 
schematically in Fig. 2, was attached to the microscope stage for the irrsitu measurement. A mirror, which 
is believed not to absorb waier, was used as a background. About 0.5 mg of neat coal samples were leveled 
and pressedon the mirror by hand using a spatula. It is essential to make a llat scrrface for obtaining good 
and rqmduciile specha The coal samples were equilibrated at 30 OC in a flowing nitrogen stream Then 
they were heated at the rate of 5 Wmin up to 300 "C dunng which nitrogen was cordinually supplied at the 
rate of 100 dmin to prevent any possible leakage of air into the chamber and to keep the stabii  of the 
tatlperature. A BaF, disc was put on the pin hole 60m where the light passes though The light sou~ce was 
a heated Ni-Cr wire and the detector was MCT (merauy cadmiumtdhrium). F.T.i.r. s p m m  was 
collecteded by aquisiion of 100 scans at every 20 "C of intenal. 

RESULTS AND DISCUSSION 
Change OfW with heniing. Figure 3 shows the irrsilu F.T.i.r. spectra ranging 60m 2ux)to 3650 mi' 
for four coals meawed at every 20 "C. One ofthe problems encountered by many indgaton in using irr 
sihr F.T.i.r. was the spectra quality at high tanpmbms due to change in refractive index. Very beautiful 
and reproducible specha could be obtained by use of the proposed measurement technique for all the coals in 
this work Very flat base. hes were obtained at all the tempemrq and the spectra for POC w t x  almost 
same above 70 "C. This suggesred that the spectra were not al€ected by the hating Separate expainen& 
were paformeed using kaolinite to check the change of spectra with increasing tempemme up to 350°C. The 
mirror backgrounds at 30°C and at corresponding temperama w6e used respectively to get the F.T.i.r. 
spedm The spectra do not change with the bac- at differaa tmpatum. Then all the spectra 
shown in this wok were obtained using the background at 30°C. This made the Mi% measurement 
convenienf fast and reliable. 

To get accurate information of hydrogen bonded OH groups, it is essential to ensure that the attifact 
does not exist during experiments andor during the dataprocesSing afteracperimetrtS. It is easily checked 
by !racing the change in the aliphatic and aromatic C-H bands. Because the C-H bond is hard to 
decompose or to form below 300'C, we can easily know whether some artifact exists or not h m  the 
variation of the 2890 and 2930 mi' bands (the absorption of aliphatic C-H bond), and 3050 ad band (the 
absorption of aromatic C-H bond). It was found that these intensiies were not affected by the temperature 
up to 300°C. Therefore, all the cllanges in the OH specha w e r e d y  what happened in coal during the 
heating, Now, significant changes in the OH spectra were judged to OCQLT for ND and WY coals, whereas 
very Me change wasjudge to OCCUT for PllT and Poc coals during the heating for the four coals given in 
Fig. 2. 
Change in m g I h  -don  OfOHaso&&dwith hvcbogen bondngs AU the spectra measured for 
the eight coals were analyzed by the procedure given above to &mate the change in HBD through the 
heating. Figure 4 shows the resvlt of peak division and the HBD distributions obtained for ND as an 
example. The spectra ranging 6om 2200 to 3650 mi' were divided into 9 peaks by a QIIv6fitting method. 
The peak assignments were detamined as follows by referring to the work of Painter et d7: six hydrogem 
bonded bands (HBI at 3516 mi'; OH-X, HB2 at 3400 mil; OH-OH, HB3 at 3280 ail; O H a h a ,  HB4 at 
3 150 mil; cyclic OH-Ow HB5 at 2940 mi'; OH-N, and HB6 at 2650 mil; COOHCOOH) and three C-H 
bands (3050,2993, and 2920 mi'). In a d d  peak No 6te OH band was deteded for all the coals. 

643 



division the peak positions were slightly changed, depending on the sample by refiming to the second 
derivative of each specbum The bands for the C-H bonds did not change during the heating, then they 
were easily separated fiom the hydrogen bonded bands. The amount of OH and the smngth of each 
hydrogen bo* wtre calculated &om each peak intensity, A,, and OH wavenumber shift, Avm with 
the aid of eqs 7 and 8, where the total OH value given in Table 1 was& as the value at 150 OC to estimate 
a, in eq 7. The strength disbibutions of hydmgen bonding thus estimated, (4, vs. (-AH) relationships, 
for ND are shown in the right of Fig. 4. It is clearly shown that the amount ofweakly hydrogen bonded OH 
preferentially decream with the increase oftemperrmae. 
QumrM0b;e ~JU@& of change in hyhgen bondng mUing the heabirg. The changes of the amounts of 
the six hydrogen bonded OH with increasing temperame are shown for four coals in Fig. 5.  As is scpected 
60m the spectra shown in Fig. 4, the amounts of HB1 to Hi34 decrease sigruficantly with increasing 
tempratme for ND and WY, whereas all the hydrogen bondings do not change with increasing temperature 
for POC. The decrease in the total amount of OH with increasing temperrrmre is related to the formation of 
H20. It is ndewotthy that only the distribution changes without affecting the total amount of OH for PITI 
above 230 "C. This means that stronger hydmgen bonding HB5, shifted to weaker hydrogen bondings, 
HB 1 and HB2, above 230 "C. 

To examine the change in the hydrogen bonding in more detail, total enthalpy for the formation of al l  
OH associated hydrogen bondmgs, (- % (< O), at each tempemre was cala~hed by 

(-m)btal =C(nOH)j(-mH)j wkl (9) 
j 

Utiliijng (- % and the total amount of OH groups (no&, the average sh-ength of hydrogen bonding (- 
AH)- can alsobecalculated by 

j 

The (- % values and the (- AH)= values are shown in Fig. 5 and Fig. 6, rqa ive ly .  (- % 
decreases with the increase of temperahrre due to the changes in the hydrogen bonding. When the number 
of total OH groups does not change, the decrease in (- & is due to the rearrangement of hydrogen 
bondings. When H20 is prod~ced during the heat treatment, the number of OH p u p s  decreases by the 

two mechanisms, and consequently (- % decreases. The first mechanism is the desorption of adsorbed 
water and the othm is the formation of H20 by the decomposition of two OH groups. For ND and W, 
both (- & and (%A decreased with increasing temperrbure, indicting that the change in (- % is 
brought about by the formation of watm On the other hand, for Pm above 230 "C, only the (- AH)w 
value decreased without affecting the value of (n&)& This indicates that the reanangemart of hydrogen 
bonding oc~v~eed at above 230 "C as stated above. This rearrangement may be associated with the glass 
transition as deteded by DSC by 

The changes in the average hydrogen bonding str- (- AH)- in Fig. 6 are also informative. The 
(-A& values are around 20 to 24 kJhol-OH and kept h o s t  constant during the hating for ND, W, UT 
and L. The (- AH)= value for PITI is around 23 kJ/mol-OH below 230 OC, but it decreases to 20 kJ/mol- 
OH above 230 "C, indicating that the glass transition ocameed between 230 to 270 "C. For high rank coals 
of UF and POC, the (- AH)= values are 28 to 30 !d/mol-Ow which are. larger than for the othm coals by 4 to 
8 kJ/tnol-OH The (- AH)= value for UF also decreased to 23.7 kJ/mol-OH above 230 'C, again indicating 
the ocumnce of the glass tmnsition. The (- AH)w values estimated here are rather close to the values 
reported as the strength of hydrogen bonding in the literat~ue.'~~ A little bit larger (- AH)rn values for UF and 
POC are assodated with the relahe abundance of OH-N hydrogen bondmg in these coals. It was clearly 
shown that the glass tmnsition behavior can be detedeed fiom the change in (- value for higher rank 
coals. 

What we would like to stress here is that the value of a, is not required to calculate (- AH)= as can be 
found fiom eqs 7, 8, and 10, which means that only F.T.i.r. spectra m-ents are enough to obtain (- 
AH)= This is a great meit of the proposed analysis method. Then the acanacy of the (- AH)m values are 
well expected. 
rnTimi&n 6etween adFmbed wafer ond d e c o m p o s e d  water: It has been ratha d8ia1t1 to distinguish 
the chemisohd water and the water fonned by decomposition readion, which made it d8icuit to define the 
dried state of coal. In this analysis we could estimate the changes in the amount of OH, (6, and the 
enthalpy related to hydrogen bonding, (- & as shown in Fig. 5. Then we can estimate the change in 
the enthalpy related to hydrogen b o n k  with the formation of wata by using the values of (- % and 

investigaton.20*2' 

(b& as 

FT/mol-H20] (11) d( - Aw,dd (m)H20 = 
d(nOH)tdd 

where 2 in the rhs. was included to account for the fact that one H20 molecule contains two OH p u p s .  
The magnitude of (% thus estimated is well w e d  to be dependent on the mechanism of water 

I 

I 
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fo-on. Then the (a,, values calculated by eq 11 with the aid of eqs. 7,8, and 9 are shown aga~& 
temperature in Fg.7. The values obtained for an Australian brown coal (Motwell, MW) and a lignin are 
also included in the figure for comparison The (% vs. tanpadhlre relatiomhips were so close each 
0th and there was a distinct jump at about 140 T: the (% d u e s  below 140 "C were close to or 
Slightly m d e r  than the heat of vaporization of water, AHydpI whereas the (% values above 140 "C were 
SiSnifidy h e r  than A?& These re.u~Its %est that the water deteded below 140 "C is the 
chemisorbed water and that formed above 140 "C is the water formed by some decomposition readion. 
Thus the HBD estimated by the proposed method is found to be utilized to dstinpish the type of WdtB 

formed. Finauy we would like to stress that the value of a, or the value of (q,& 
is not required to obtain (h as was the case to calculate (- A&, Only F.T.i.r. spectm measuTematts 
are enough to obtain (% This is a great mait of the proposed method and it simplifies the procedure 
toobtain(&. 

CONCLUSION 
Insitu F.T.i.r. measuranents were performeed for the Argonne premium coals to estimate the change in 

hydrogen bonding through heat txatmnt. Neat, undiluted, coal samples were placed in a spedauy 
designed cell and they were heated fbm mom temperahue up to 300 O C  in an inat atmosphere. F.T.i.r. 
specba were collected in every 20 O C  using the diffuse reflectance in6ared Fourier transform (J3Ra) 
technique and the spectra rangins fiom 2200 to 3650 m-' were divided into 6 hydrogen bonded OH peaks 
and other peaks. The stmgth distnidon of hydrogen bonding (HBD) at each tempahre was well 
estimated through the analysis of the divided peaks by the propses method By ldilizing the HBD the 
changes in enthalpies assodated with the desorption of WET, the glass transitoq and the decompsition of 
OH groups were well estimated Only F.T.i.r. spectra measuTements were found to be mugh to obtain 
such enthalpies. This greatly simplif~ed the calculation procedure and increased the ac~llilcy of the 
enthalpies. The validity of the proposed in situ F.T.i.r. measurement method and the analysis method for 
obtauung HBD was well clarified. 
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QUANTITATIVE DESCRIPTION OF OXIDATIVE DEGRADATION OF BROWN COAL IN 
AQUEOUS PHASE BASED ON LA'ITICE STATISTICS 

Jun-ichiro Hayashi and Tadatoshi Chiba 
Center for Advanced Research of Energy Technology, Hokkaido University 

NI 3-W8, Kita-ku, Sapporo 060-8628, Japan 

Keywords: Bethe lattice, 0, oxidation, degradation 

INTRODUCTION 
Some recently developed pyrolysis models'" reasonably combine the kinetics of bridge 
breakinglformation with the Bethe lattice statistics"'that recognizes aromatic clusters and bridges as sires 
and bonds, respectively. The assumption of coal as a lattice can be examined by analyzing the 
Characteristics of its degradation, which provides the measurable structural changes of coal, namely, the 
decrease in the bridge concentration and corresponding increase in the fraction of low-molecular-mass 
components released from the network. The relationship between these changes may be quantitatively 
described by assuming coal as a lattice having a particular chain configuration. The a u t h ~ r s ~ . ~  found that 
an 0, oxidation in weakly alkaline aqueous phase solubilizes low rank coals to considerable extent. The 
oxidation increased the mass fraction of solvent-extractable material in a brown coal from 0.15 to 0.97. 
Analyses of the products revealed that aromatic carbon was selectively oxidized into carboxyls in the 
residual solid as oxidized coal, water-soluble non-aromatic acids and carbon dioxide, while aliphatic 
carbon was minimally involved in the reaction. Considering that the coal consists of aromatic clusters 
and inter-cluster bridges, they proposed a reaction mechanism that the oxidation converted aromatic 
carbons bonded to bridges into peripheral carboxyl groups on the neighboring clusters, and did the other 
aromatic carbons into non-aromatic acids or carbon dioxide. According to this mechanism as illustrated 
in Figure I ,  the oxidation decomposes the macromolecular network of the coal by eliminating clusters as 
sires and converting bridges as bonds into peripherals. If the mechanism is valid, the extent of the 
degradation can be quantified by determining the amounts of lost bridges and clusters from those of 
formed carboxyls and oxidized aromatic carbon, respectively. In addition, the number of carboxyls 
formed as peripherals is expected to be equal to that of bridges which were bonded to eliminated clusters. 
The present paper examines the validity of the above-described mechanism of the oxidation and the 
applicability of general lattice statistics to the analysis of the degradation characteristics. 

EXPERIMENTAL 
Acid washed Morwell brown coal was oxidized at 85 "C for I - 12 h in an aqueous solution of Na,CO,, 
into which atmospheric oxygen gas was continuously bubbled. Details of the experimental procedure 
were described elsewhere'. The oxidized coal obtained through the oxidation for X h is hereafter referred 
to as SX. The oxidized coals were analyzed by a C P M S  "C-NMR, and the carbon type distributions 
of the indivpal samples were determined. Details of the measurements, peak assignment and curve 
resolution of spectra were reported previously7. The concentrations of carbonylic, carboxylic and 
phenolic groups were measured by means of oximation, ion exchange and acetylation, respectively. The 
samples were also subjected to exhaustive extraction with various single and mixed solvents at ambient 
temperature under ultrasonic irradiation. For the all samples, the mass fraction of solvent-extractable 
material was defined as that of material extracted with DMF that gave the greatest fractions among the 
solvents employed'. Molecular mass distribution of the extracts was measured by a laser desorption- 
ionization spectrometry (LDMS) on a spectrometer (Japan Peneptive, model Voyagerm RP-DE). The 
spectra were observed in a linear mode under the following conditions: accelerating voltage; 25 kV, mass 
range; 50 - 100000, pressure; 1 - 2.10-7 torr. Pulses of a nitrogen laser operating at 337 nm was used for 
the laser desorption. 

RESULTS AND DISCUSSION 
The structural analyses determined the fractions of different types of carbon found in the oxidized coals: 
/& (carbonylic carbon), fcwH (carboxylic carbon),/& (phenolic carbon), f.+ (aromatic C bonded to ether), 
f.< (aromatic C bonded to carbon), f..,, (protonated aromatic C), fbo (aliphatic C bonded to 0 other than 
methoxy carbon), f.llocH3 (methoxy), JiacHl (methylene or methin at a position to aromatic C), f . IEH1 
(methylene at B position), f.,.acHI (methyl at a position) and f.f.cHJ (methyl at remote position). These 
fractions are indicated in the unit of mol-C per 100-mol C in SO. The fractions of total aromatic and 
aliphatic carbons, referred to asf. and jd, respectively, are defined as 

, 

f. = fa-= 

f . f ~ f . ~ - O + f a l - o C H 3 + f d - o C W Z  +/ol-CWZ + f d - o C H 3 + f d - r C H 3  +fdl-oc~& 

/o-OH + f e <  + f o - H  

is the fraction of aliphatic carbon contained in non-aromatic acids. /= was calculated by the 
difference between the fraction of oxygen-bonded aromatic carbon that was determined by the NMR and 
La,,. Figure 2 showsf., f.! and/&,, as a function of oxidation time. f. decreases monotonously with 
time whilef., remains unchanged. Here, 
the differences off.  and /cwH from those of SO are defined as Af. and A/&,,, respectively. The figure 
also shows the change in the fraction of aromatic carbon bonded to bridges, L4, which was calculated 
according to Solum et a1.8. 

It is also seen that&,,, increases as the oxidation progresses. 
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f a - b  f0-C + f o - ~ - ( f c o o H  + f d d c H l +  f d - I C H l + f d - o C H l )  

The dmrease inf.+ with time indicates the loss of bridges by the oxidation. 
is calculated from a simple stoichiometry. 

The total amount of bridges 

N b E f a - b h  
The loss of bridges, ANb. is here defined as 

ANb = Nb (for SO) - Nb (for SX) 

When aromatic clusters are eliminated by the oxidation of aromatic carbon involved in them, the amount 
of eliminated clusters (AN,) is expected to have a linear relationship with the loss of aromatic carbon 
leading ro rhe eliminorion, defined as Ah*.  ANc and A%* are expressed in the units of mol-cluster/lOO 
mol-C in SO and mol-C/100 mol-C in SO, respectively. They are related as 

mc = AL * In .  
where AL* is the loss of aromatic carbon accompanied with the loss of an aromatic ring, and is a little 
smaller than the observed loss, AL, due to the formation of a small amount of quinones that never 
contributes to the elimination of clusters. The calculation of Af.’ was described in OUT previous report’. 
n. is the average number of aromatic carbon atoms per cluster. The number can be estimated from the 
abundance of bridgehead carbon relative to total aromatic carbon*. As reported previously, for SO - S12, 
h4 was found to account for at most 4 % off.. Such appreciably small values off.4h indicate that the 
assumption of monoaromatic rings, in other words, n. is 6 mol-C/mol-cluster, is reasonable for the all 
samples. 

Figure 3 shows ANb and AfcwH as a function of ANc. ANb is seen to be in good agreement with A&,,, as 
expected by the proposed mechanism of the oxidation, although some deviations are seen. Also, ANb and 
A&,,, can be related linearly with ANc at a slope of about 2.2. This means that 2.2 bridges are lost when 
an aromatic cluster is eliminated by the oxidation, and hence that each of the lost clusters was bonded to 
the same number of bridges in average. Moreover, the linear relationship itself should be noted when 
the mechanism of the oxidation is considered. As illustrated in Figure I ,  the elimination of a cluster 
accompanies the formation of carboxyl groups at the chain ends of the neighboring clusters. As we 
described in the previous paper’, aromatic rings carrying carboxyls generally have oxidation reactivities 
orders-of-magnitude smaller than do those without carboxyls. Therefore the neighboring clusters may 
behave as inert ones after carboxyls are formed, while they also lose bridges initially connected to them. 
Thus, the elimination of clusters would occur non-randomly, producing deactivated clusters that 
accumulate as the oxidation progresses. Here, let us consider the degradation of a macromolecular 
network or lattice consisting of clusters and bridges, of which initial concentration of inter-cluster bridges 
is nb,o (= 2.Nb,,/N,,). The degradation is supposed to be caused by the elimination of clusters (or sites). 
In the case of a degradation involving deactivation processes as described above, the average number of 
bridges bonded to a remaining ‘reactive’ cluster is independent of NJNc,, and equals to the initial bridge 
concentration, namely nb,@ Then, when a cluster is eliminated, nb.,, bridges are always lost, and the 
following relationship holds. 

nb - 2 N b / N c  = 2 { N b o -  nb,o(NCo- N C ) } / N c =  b { 2 ( N c / N , , o )  - I } / ( N c / N < o )  (1) 
where NJNC,, is the fraction of remaining clusters to that before degradation and is a measure of the extant 
of cluster elimination. Figure 4 shows the observed nb as a function of N/Nco together with lines drawn 
on the basis of Eq.(l) assuming nb,D = 2.23. The observed change of nb is seen to be well explained by 
the equation, Le., the non-random degradation. Eq.(l) can apply to any lattices having different 
dimensions, coordinatioh numbers and bridge densities. Thus, the results shown in Figures 2-4 reveal 
that the changes in fcooH, N, and Nb are reasonably explained on the basis of the proposed oxidation 
mechanism. and are also quantitatively described by the assumption that the coal is a lattice with nb.o of 
2.2, while other parameters such as the coordination number are so far unknown. 

The above explanation of the change in nb by Eq.(l) not only provides the initial bridge concentration but 
also allows us to analyze other characteristics of the degradation assuming that the coal is a lattice. 
Bethe pseudo lattices are statistical lattices, each of which has infinite number of sites and is defined by 
the coordination number (Z) and site occupation probability @. 0 5 p 51) that is the number fraction of 
occupied sites to the total number of sites. When two sites neighboring to each other are both occupied, 
they are recognized to be linked by a bridge. Another characteristic of Bethe lattices is that no loops are 
allowed in them. The absence of loops provides analytical solutions of states of the lattices by only 
giving the parameters. Z and p .  and this is the reason why the coal is assumed to be a Bethe lattice in the 
models described below. For a Bethe lattice with Z and p ,  nb is expressed as 

When the degradation of the lattice occurs with a random site-elimination mechanism, a given probability 
p *  and corresponding bridge concentration nb* are related as follows. 

where PO is the site-occupation probability of the initial lattice with nbD - Z x po . 
Can also provide the distribution of degree of polymerization. 
belongs to rn-mers, each of which consists of rn sites and (m - I )  bridges, is given as 

nb = z X p  

nb’lnb,O=p’/pb ( 2 )  
The lattice statistics 

The possibility of that an occupied site 

~ ( p * ) = m b m p ( m J ) ( / - p . )  (m(z-2)+z}  
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where mb. is the total number of configurations possible for m-men. 
the fraction of m-mer with regard to the occupied-sites. 
men as a function ofp' for the Bethe lattice with Z= 3. 

F,,,(p*) is essentially the same as 
Figure 5 shows the fractions of finite-sized m- 

F&*) seen in the figure is defined as 

4-,(P.)-ZK(P.) m- 6 

Funher details of the Bethe lattice statistics are well described in literature4", and are therefore not done 
here. Eq.(2) that gives the relationship between the changes in nb* and p*  is applicable to the 
description of Bethe lattice degradation only when the elimination of sites occurs randomly (Case-I). In 
another case (Case-11) that the elimination of a site accompanies the deactivation of the neighboring sites 
as Seen in the present oxidation, the elimination of a site results in the loss of nbO bridges. Then, nb at a site 
occupation probabi1ity.p. is expressed as 

nb/nbD511-2(W-P)/PO}/ (PIpb)  (3) 
&.(3) is directly derived from F,q.(2), sinceph, = N J N , ,  As shown in Figure 6, nb in Case-I1 is smaller 
than n,* in Case-I when p = p * .  Essentially, degradation of latticehetwork is brought about by the 
elimination of bridges, and in this sense, the extent of degradation could be evaluated on the basis of the 
decrease in the bridge concentration, i e., nb. Considering the above, p can be converted into another 
pmbability,p**, that gives nb equivalent to nb*. p** is then calculated as 

P"- P o { l - 2 ( P o - P ) / p b } / ( P / p b )  
Thus, if the chemical network of the coal can be assumed to be a Bethe lattice, its degradation caused by 
the oxidation would be approximately described by a random degradation usingp**. 

Here, a structural model of the coal are proposed and examined on the applicability to quantitative 
explanation of changes in the fraction of extractable material caused by the oxidation and molecular mass 
distribution of the material. The first model assumes the followings: 
I .  

2. 

3. 

4. 

5.  

SO consists of solvent extractable material and a fully developed network. The extractable material 
comprises of m-mers with m ranging from 1 - 40, while the network is described as a Bethe lattice 
withp, = 1 and thus nb,o =Z. 
The fractions of the network and extractable material in SO are 0.85 and 0.15, respectively, which is 
based on the observed V,,, for SO, 0.15. 
The concentration of bridges for the extractable material (referred to as n;,,,) is 1.8, which was 
determined by analyzing a Cp/MAS "C-NMRspectrum of DMF extract from SO. 
When a site is eliminated, the probability of that the site belongs to the network is 0.85. This is 
based on the assumption that the network and extractable material have equivalent reactivity to the 
oxidation. 
The solvent extractable material, given as DMF extract, consists of molecules whose degree of 
polymerization ranges From 1 to 40, The basis of this assumption is mentioned below. 

In addition to the above, the second assumption for the model A is also considered in the model B. 
Figure 7 compares calculated F,&) BS a function Ofp*/p ,  with I'D,,. It should be noted that F,&) 
strongly depends on Z and also agrees well with V,,, at Z = 2.18. In the model B, the bridge 
concentration of SO, namely nbo is given as 

nba - 085Z+O.I5n$ 
and then nbO is calculated as 2.1 using Z = 2.2. This value of nbO is in good agreement with that 
determined from the results shown in Figure 5, Le., 2.2. This is, however, not enough to demonstrate the 
validity of the model B. The predicted distribution of molecular mass or degree of polymerization of the 
solvent extractable material should also be in agreement with that observed. Figure 8 illustrates LD/MS 
spectra of DMF extracts from SO, S3, S6, S9 and S12. The spectra reveal that the features common 
among the extracts from different oxidized coals; that the molecular mass distributes widely over the 
range from 100 up to 8,000 and that compounds with molecular mass of around 300 are the most 
abundant. Moreover, the distribution seems not to vary significantly with the extent of the oxidation. 
The distribution of molecular mass could be converted into that of degree of polymerization, by giving the 
average molecular mass of the monomeric unit. The average molecular mass, M, was calculated as 
about 200 by considering the carbon content, n. and f.. The value of M, means that the degree of 
polymerization of the extracts ranges from 1 to approximately 40. This is the basis of that F,&) is 
considered in the above-described models. Figure 9 shows the molecular mass distribution predicted by 
the model B assuming M ,  = 200. The calculated distribution is little sensitive to the probability p" as 
seen for the mass spectra of DMF extracts. It should also be noted that the distribution agrees well with 
that observed, although the quantitative comparison of them is difficult at present, due to that the 
molecular mass per monomeric unit itself should more or less distribute due to variety of chemical 
smcture of peripherals and bridges. 

CONCLUSIONS 
The oxidation depolymerizes the coal by eliminating aromatic clusters. When a cluster is eliminated, the 
bridges that have been connected to the cluster are converted into peripheral chains of the neighboring 
clusters, and carboxyl groups are formed at the ends of the peripherals. The elimination of the cluster 
also accompanies the deactivation of the neighboring clusters due to the formed carboxyls. The 
mechanism of the oxidation allows us to describe the following relationships; 

' 
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A/CWH - ANb and AfcmH /Ah’< - m b f  mc - nb 0 - 2 2  

The model B, which assumes that coal is a mixture of a fully developed Bethe lattice with Z = 2.2 and po  
= I ,  and solvent extractable material with ni,o = 1.8, reasonably predicts the observed increase in the 
fraction of DMF extractable material. The model can also predict the extract’s molecular mass 
distribution semi-quantitatively as a fmction ofp” , the corrected. 
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Figure 1. Elimination of aromatic cluster and conversion of inter-cluster bridge into carboxyl 
group by oxidation. 
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Figure 2.  Fraction of different types Of Carbon,f,fa,,fcooHandfa~b, as a function of oxidation 
time. 
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COAL DSR4DATION TBROUGH EXTRACTION AND DEPOLYMEIWXTION IN 
A FLOWING SOLVENT UNDER PRESSURE 

Kouichi Miura*, Kazuhiro Mae, Hwang Yo0 Seock, Ryuichi Ashik and Masato Mothot0 
Department of Chemical Engineering, Kyoto University, Kyoto 606-8501 

INTRODUCTION 
Solubilization andor depolymerization are the initial steps of coal liquefaction, coking or pyrolysis. 

Most of the solubilizatioddqlymerization eqeiments pecfamed at rather high tanpabxe in relation to 
coal liquefaction Ldilized a batch maor,  the d e d  autoclave, where the i n t d o n  between the solubiilized 
small molecules and the insoluble macromldes can not be neglected. Fwthmore, it is almost 
impossible to h w  the a d d  d o n  yield at a high temperature using autoclave, because we can nd 
separate the fiac&ion which is soluble at the high tmpmtwe but is pmipated at room tmpml!m h m  the 
residue. The solid recovered at room tempatme afler experiments is the mixture of the resldue and the 
precipitated solid. Blessing and Ross' used a speciaUy designed autoclave which is equipped with a basket 
assembly. Solvent can pen- the basket thmugh the glass 6its fined at the top and the b o r n  of the 
basket. Coal samples were placed in the basket assembly, and the exbat3 was expeded to come out h m  the 
basket through the glass fiits. Unfortunately this trial was unswm&& be*luse the diffusion rate of the 
deposit thmugh the tiit was very small. Flow readors have been used by several inves!igakm for 
the soIubModdepolymerization behavior of coal at a rathm high tempatme. Aida et al.' tried to exbacl 
coal in a flowing stream of solvent with an W specbometer as a detector. This enabled them to monitor the 
proctUds continuously, but detailed analysis of the produds has not been performed because of the 
expeimental difficulty. Kandiyoh et d.56 have heated coal up to 450 "C in a flowing steam of solvent to 
avoid the secondary reaction They have examined the el€& of apaating conditions in d d .  Their 
interest was, however, the hydrogenation d o n  abok 400 "C, because. their main remmh was to 
examine the coal liquefaction mechanism. 

We have recently found that some bituminous coals can be amaded up to 75 % in a flowing non-polar 
solvent at 350 "C without appreciable decomposition.' At rwm teqaaam about a half ofthe exbacl were 
still soluble in the solvent and the rest half precipitated as solid Both the soluble M o n  and the precipitated 
solid were almost tee h m  mineral matters, s ~ g g d n g  the possibility of preparing clean fuel h m  cod in 
high yield. 

In this paper the. solubilizatioddepolymymerization Bcpaiments of eight Apnne premium coals were 
performed at 350 "C in a flow type reactor, where coal samples were heated in a flowing stream of tehalin. 
The purposes of this work wme to &ne the coal structure though d d e d  analyses of the exbat3 and the. 
residue, and to examine the possibility of prep- clean fuels andor raw materials for the subsequent 
conversion The possibbili to decompose fiutherthe soluble, the precipitated solid and the residue recovered 
torn F'ittsbugh #8 coal was also examined. 

EXPERIMENTAL 
Coal Samples Eight coals of the Argonne premium coals were used in this work The analyses of these 
coal samples are given in Table 1. 
Experimental procedure for exiractionldepolymerkation. Figure 1 shows a schematic diagram ofthe 
apparatus used for &on andor depolymerization 100 to 200 mg of coal samples were placed b e e n  
two filters (11.2 mm OD and 0.5 mm opening) in a reador made of Swagelok Tehalin was supplied 
continuously using a high pressure punp at the flow rate of 1 ml/min The pressure was regulated using a 
pressure regulating valve (TESCOM) at 10 MPa The reador was heated at the rate of5 Wmin to 350 "C 
where it was kept for 0 to 90 min, then it was cooled immediately by a dicient  mount ofwerto tmninate 
the so lubMon and/or depolymerization The coal fraction sdracted andor depolymerized at the reactor 
tempaa!m became soluble in the solvent and came out h m  the reactor with the flowing solvent, but a part of 
the solubilized components precipitated as solids when the solvent flow was cooled to room tempmiwe. 
The solid thus precipitated, called "deposit" in this papa; was collected by 3 filters (20, 10, and 2 pm 
Openings) placed in Series just before the. pr- regulating valve. The deposit which passed these filters 
were collected in a Separation trap with the soluble components at mom tempganae. The components 
soluble at room temperahae are called "soluble" here. produd gas was collected in a gas bag, and analyzed 
using a gas chromatograph for the components smaller than C6 hydmcahns in molecular weight Thus 
each coal sample was separated into the residue that is mt amaded or depolymaid, the depoh the soluble, 
and gaseous components. The weights of the residue and the deposit were directly measured aflm 
drying them in vacuo at 70 "C. The weight of gaseous components was c a l M  h m  the analysis using 
the gas chromatograph The rest ofthe produd was regarded as the soluble. 
Decomposition of soluble and deposit The depost prepared h m  PllT was served to the flash hydro- 
pyolysis and the pymlysis in a liquid tehalin to examine the possbiity to decompose the deposit fiutha. 
The flash hydropymlySis was pafonned using a small scale of batch reador at 700,800, and 900 "C at the 
residence h e  of 60 s. The decomposition of the soluble, the deposit and the residue in liquid tetralin was 
peformed using a small batch reador (6 ml in volume). About 50 mg of sample was placed with 5 ml of 
tehalin in the batch reactor. The whole reactor was immersed in a sand bath regulated at a tmpmtures 
h e e n  380 to 450 "C, and kept there for 60 min The produds were separated into hexanesoluble h d o n  
W), hexaneinsoluble and ktratin soluble W o n  (Tds-HI), residue and gas components by a similar 

. 

procedurepreserdedabove. 
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of the produets The soluble, the deposit and the residue were charadalzed ' thmughvalious 
analyses. ultimate analysis and S P W  13C solid NMR analysis' of the deposit and the residue were 
@Oyed using a CHN carder (Yanaco, CHN-500) and a NMR Specbomder (Chemagnetics, CMX-300), 
w e l y .  The gel permeation c h m m h y  (WC) was used to &mate. the molecular weight 
a h t i o n  ofthe deposic because the more than 95 %'of deposit could be s o l u b W  in dimethyKonnamide @m. The packd column used is a Shim-pack GPC-8025 (Shimadzu), and an eluent DhP was s~pplid 
at the flow rate of 0.5 d m i n  The &-assisted laser desorptionlonization timeof-fight mass spectromeby 
W I - T O F M S ;  ShimadnJKrato s KOWACT-MALDI-n) was used to estimate the molecular weight 
distributions ofthe soluble, the deposit, the residue, and the raw coal. 

RESULTS AND DISCUSSION 
changes in yields of soluble and deposit with mueasing temperature and extradon time. Fcgure 2 
shows the changes in the yields of the soluble, the deposif and the residue with increasing tempgabne and 
exmaion time for IL coal. The soluble yield inrreased with the increase of tempemhrre, reached 25% at 
350 "C, and finally reached more than 30 % at the holding time (td of 30 min at 350°C. On the other hand, 
the deposit yield was very small up to 350 "C while temperature is increased, but it inaeased graduauy with 
the hcra of holdmg time at 350°C and finaUy reached about 4oo/o at tf= 60 min or so. The &ease of the 
soluble yield is judged to be b& about through the relaxation of coal sbuchlre upon heating in solvent, 
because most of the soluble was produced below 300 "C, in other words, the soluble was not prcduced 
h g h  decomposition reaction. By keeping the coal for extended time at 350°C relatively large molecule 
components that are soluble in tebalin at 350 "C gradually came cut h m  the coal particles. It would be 
because the intraparticle diffusion rate ofthe deposit is not so fast. 

Figure 3 compares the ultimate produd yields at 350 "C, which were arbitrarily defined as the yields at 
4 = 60 min, for eight Argonne premium coals. The yields of soluble and deposit for bituminous coals, & 
PllT, and UF coals, were vay large. The extra yields for these coals are as follows: 80 %(soluble: 41 %, 
deposit 39%) for UF, 67 % (soluble: 29 %, deposit: 38 %)for PllT, and63 % (soluble: 27 %, deposit: 36 %) 
for IL. Surprizingly, 80 % of UF coal wae amaaed at 350 "C. For the lowest rank coal, ND, the deposit 
yield was very small and appreciable amount of gaseous components were produced. Both the soluble and 
the deposit yields were small for the highest rank coal, POC. These & indicate that decompsition 
&on OCauTed for the lowes rank coal ND, but linle decomposition reaction ocaured for the other higber 
rank coals. Thaefore, most ofthe soluble and the deposit for the higher rank coals are judged to be relatively 
snall molecule compnents existent in the original coal. The small molecules could come out because the 
macromolecular network of coal was relauedthmgh the heat treatment in the solvent. 

These results suggest that the struwe ofthe biauninous coals used in this work is mtherclose to the 
model B of Nishioka (physically assoCiated d e l ) .  9''0 The soluble and the deposit are assmed to be 
physically - each other andor with the residue in the raw coal. 
ultimate analysis and 1k NMR analysii The above discussion clarified that 50 to 80 % of coal can be 
Bctrabed with little decomposition by tehalin at 350 "C for b b o u s  coals. Then the solid producq the 
deposit and theresjdue, were characterized by various analyses to examine the change accompanying the 
&on. Table 2 compares the ultimate analysis and ash content of the raw coal, the residue, and the 
deposit prepared at tf 60 min at 35OOC for P m  and IL coals. Sice  the soluble concamtion was very small 
and hence could mt be slbjeded to the analyses, the numbers for the soluble in Table 2 were calculated by the 
proportional allotmat h m  the data for the raw coal, the residue and the deposit using their yields given in Fig. 
3. Although the ultimate analyses were not significantly different among the raw mal, the deposit, and the 
residue, the hydrcgen content and the atomic WC ratio of the residue WET appreciably smaller than those of 
the raw coal and the deposit As a res& of this difkencq the atomic WC ratio of the soluble was the highest 
This indicates that the soluble is richer in hydrogen than the other M o n s .  The most d m n g d m g  result is 
that the soluble and the deposit contain little ash, which means most of ash remains in the residue. This 
presents the possibility to prepare clean fuel or clean raw materials in a high yield from bituminous coals by 
simple exlmdion 

Figure 4 compares the 13C NMR spectra among the raw coal, the &due, and the deposit prepared at 
tfz 60 min at 350°C for PllT. The carbon dimiutions estimated Iium these spectra are given in Table 3. 
Again the carbon distriiutjon for the soluble was calculated by the pmpodiod allotment h m  the 
distributions for the raw coal, the residue, and the depsit by iLsswning that M decomposition readon OCQltTgi 
during the exhadon Aitlmugb the distributions for the raw coal, the residue, and the deposit are rather close, 
the propodions of methyl groups (CH3) and methylene bridge (-CH2-) are smaller and the propdons of the 
bridgehead carbon (Bridgehead) ~IE larger in the deposit and the residue than in the raw coal. These 
dil€erences reflected on the the dif€"ce in the values ofthe aromaticity i n d q  fa ofthe raw coal, the residue, 
and the deposit they are 0.733, 0.785 and 0.782, mpechely. The calculated carbon distribution for the 
soluble shows that the soluble is rich in methyl gmups and methylene bridge and the the proportions of the 
bridgehead carbon is small, resulting in the anal fa value of0.650. These resvlts are consistad with the 
ultimate analyses shown in Table 2. 

Above results suggest that soluble is the fraction consisting of small and more aliphatic molecules in the 
original coal, and that the aveage chemical SrruChae ofthe raw mal, the residue, and the deposit are very dose. 
This- ' y supports the above discussion concluding that b e o u s  coals were apraded with little 
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decomposition below 350 "C. Then the detailed analyses of the soluble, the deposf and the residue will give 
us a more realistic picture o f b i o u s  coals. 
Molecular weight disbibution of solublq deposit and residue We have clarified that the mol& 
weigtd distribution (MWD) can be well estimated by the MALSI-TOFMS method for molecules less than 
so00 in molec~lar weight by comp+theMALDI and the Gpc iwmmmmh a deposit sohb4iz.d in 
dunethylfonnamide (DMF). ' Then Figure 5 compares the MWDS measured by the MALSI-TOEUS 

forthe soluble, the deposit and the residue prepared 6 u m P m  attf 60 min at 350 "c with t h e m  
of the raw PllT coal. The MwDs for the raw coal, the residue and the deposit are all bimodal having peaks 
at Mw = ca 300 and ca 2200. The Mw ofthe peak position for the larger molecules in the deposit seems to 
be slightly smaller than that in the midue. On the other hand, the soluble consists of only small molecules of 
less than 600 in Mw and the peak position almost coincides with the peaks of smaller Mw in the taw coal, the 
reddue andthe depost. These r& again support the mcdd B ofNIshioka forthe shuchre ofPllT. The 
depoSa and the residue still Contain the small molecule components which muld mt be dissodateed at 350 "C . 
Deromposition of duble, deposit and midue m tebnlin. The soluble, the deposit and the residue 
prepared h m  P l l T  we-e heated in tehalin at 380 to 450 "C in the batch reador to decompose them MS. 
F i  6 shows the produd d i s h i i o n  tJnuugh the decomposition far the deposit. The yields of oil (HS) 
and TetsHI iiaaion inad with inmasing tanperatllreup to 420 "C mondoIIously and the sum of the 
two yields &ed 78 wt %. By fiutha inmasing the tempemwe up to 450 "C a part of the TetS-HI 
M o n  were decomposed into oil W o n ,  and the yields of oil and TetS-HI reached 56 wt % and 22wt??&, 
respeddy. 7 compares the MWDs of the produds at 450 "C, which were measured by the 
MALDI-TOFMS method C O m p e  with the MWDs of the soluble and the deposa, the oil h a i o n  
consktsofthemmponentsderthantheseinthesoluble, themnponentsinTetS-HIMonaresimilarto 
those in the soluble, and the T d  M o n  consists ofthe components smaller than tho0 in the deposit. These. 
results show that the deposit can be fkthcr decomposed into small molecule compoundspst by heating it in 
tehalin at 450 "C. Figure 8 enlarges the MWD of the oil M o n  so as to id- the components more 
easily involved. Most of the oil fiachon consists of the components of = 2.50 to 350. These 
compon~wereJudgedtobedimasofhvoaromati~ringcomponents6umthe'~cNMRanal~is. 

Figure 9 cnmpam the product dism~utions thrcugh the decomposition of the soluble, the deposit and 
the residue at 450 "C. Since 72 wt % of the soluble consisted of oil, the oil yield increased by only 9 % for 
the soluble through the decomposition A small amount of gdsecxls components (CH, and CO are main 
components) were s i m d t a n d y  produced. This indicates that the soluble h d o n  is hardly decomposed at 
450 "C. The residue was c o n v d  into 32 wt % of oil, 1 wt?? of gaseous componem and 67wt % of TetI 
and residue. Figure 11 shows that more than 52 wt % of PlTI coal (daf basis) are converted into oil 
M o n  through the combhation of d o n  at 350 "C and the decomposition at 450 "C in tebalin This is 
very amadive as a coal conversion process, since this conversion process does mt requirr expemive gaseous 
hydrogen These r d t s  with the detailed adyses of the soluble, the deposit, and the midue given above 
clearly show that the unit components composing the soluble, the deposif and the midue are similar. 
Elash hydmpyrolysii of deposit 'Ik above results and discamion showed that the unit shmres of the 
deposit prohced lium PllT coal are two aromatic ring components. Therd the flash hydropymlysis of the 
deposit was paformed to examine the posnbility to convert most ofthe deposit into two mmatic ring 
componeats such as naphthalene, methylnaphthalenes, etc. Elgum 10 shows the effect oftempaawe on the 
product yields for the tlash hydxupymllysis of the deposit. Main prduds were, unexpechdy, CT& and 
benzene, and the total conversion to volatiles was less than 50 % even at 900 "C. Flash hybpp lys i s  over 
700 "C seems to be too sevae to preferdally obtain two aromatic ring components. We are now 
Sramining the possbilay of milder hydropyrolysis conditions for this plrpose. 

CONCLUSION 
Eight Argonnepremium coals were BdraQed in a flowing stream oftehalinunda lOMPa at350 "C. 

B h o u s  ooals, Illinois #6, pmsburgh #8, and Upper Freqm& wae Bdraded by 65 to 80% at 350°C, and 
the exbad was divided into atout 30 to 40 % of soluble (soiuble) at room and 25 to 4G?? of 
prwipitated sobd (deposit) at m m  tanperature. The comiuiion of the deconpmon reaction on the 
exhadion yield is ~&ed to be negleded for these coals. The extradon yields of lower mnk coals, Beulah- 
Zap was not so large as those for the bituminous coals. At 350°C appredable gas formation was observed, 
indicating that the decomposition readion as w$L as the amaction proceed for these coals. The d o n  
yield of the highest rank coal, Pocahom was also d deding its sbudure. Sice both the soluble and 
the deposit were almost ash ike, they will be well lltilized as a starting material of subsequent upgrading 
processes such as liquefichoq pymlysis, and cokrng. 

Thekatment ofthe extradon pmducts prepared 6omPllT coal we-e paformed intebalin at 380 to 
450 "C to examine the possibility to decompose the M o n s  under mild conditions Thmgh the amaction 
and the heat treatment at 450 "C P i t t h g h  #8 coal was into 52 wt % ofoil (hexane soluble). 
ThisisVXyattraCtive as a coal conversion pnxm, since this conversion process does mt require expensive 
gaseous hydrogen The defailed analyses of the emaction and the decomposition products c l e  showed 
thestruchrreo~llTcoalisrepreseraedbythemod$BofN~o~(physicallyassociatedmodel). 
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INTRODUCTION 

To develop coal conversion techniques into useful fuels and chemicals by thermolysis and 
hydrogenation, it is important to elucidate the coal structure.I2) Although coal has a complex 
structure which includes various aromatics and functional groups, it can be considered that the 
reactivities of hydrogen in coal could reflect the coal structure since each hydrogen in aromatics, 
aliphatics, functional groups with heteroatom etc. has the different reactivities. Therefore, the 
determination of reactivities of hydrogen in coal will provide significant information for coal 
structure. 

Useful methods to measure hydrogen in coal are to utilize isotopes such as deuterium and tritium 
tracers.).") A deuterium tracer was effective to trace reactive sites in coal and coal model 
compounds, however, there were few examples which enable quantitative analysis of the 
hydrogen mobility in coal because of the poor solubility of coal products and the difficulty of 
quantification of the deuterium tracer.).') In contrast, we have reported that tritium tracer 
techniques were effective to trace quantitatively hydrogen in the coal liquefaction.'-") In these 
works, it was shown that the quantitative analysis of hydrogen transfer in coal could be gven 
through the hydrogen exchange reactions among coal, &as phase and solvent as well as hydrogen 
addition. However, the method under coal liquefaction conditions includes destruction of the 
original structure of coal. In the course of our study, we were interested in the direct non- 
destructive determination of hydrogen in coal with its original form. Recently, we have reported 
that the tritium tracer methods are effective to determine the amount of hydrogen in the 
functional group of coal and examine the reactivities of hydrogen in coal through the reaction of 
coal with tritiated water and gaseous hydrogen in a pulse flow reactor or a batch 

In this study, we investigate the hydrogen transfer between coal and tritiated orgmic solvent to 
estimate the reactivity of hydrogen in coal. A hydrogen donor solvent tetralii was tritiated with 
tritiated water. To avoid significant destruction of the coal structure, reaction was performed in 
the range 200-300 "C below usual coal liquefaction conditions. After the reaction of coal with 
tritiated tetralii, the reaction of the tritiated coal and water was carried out to remove tritium in 
functional groups and to obtain the information for the position of hydrogen exchanged in coal. 

. 

EXPERIMENTAL 

Reaction of Coal with Tritiated Tetrslin 
Four kinds of Argonne Premium Coal Samples (Beulah-Zap (ND), Illinois No. 6 (IL), Upper 
Freeport (UF), and Pocahontas 8 3  (POC)) were obtained in 5 g of ampules (< 100 mesh). 
The samples of Wandoan coal (WA) were ground to -150 mesh particles. Coal samples were 
dried for 2 h at 110 'C under 10.' Torr. The analytical data of coals are shown in Table 1. Coal 
rank increases in the order ND<WA<IL<UF<POC and the oxygen content decreases in the same 
order. Tritiated water 
(2g 108dpml&, tetralin (1.2&, and sodium carbonate (0.005& were added into a stainless tube 
reactor. After argon purge, the reactor was kept for 1 h at 420 "C under supercritical condition 
of water. After separation of tritiated water, tritiated t e t r d i  was diluted to about lo6 d p d g  
Coal (0.5 g) and tritiated tetralin (0.5 g lo6 dpdg)  was packed into a stainless tube reactor (6 
A). After the reactor was pur@ with argon, the reactions were performed under the 
conditions, 200-300 'C and 5-360 min. After the reaction, coal and tetralii were separated 
under vacuum at 200 "C for 2 h and the tritiated coal was washed with n-heme, dried and 
oxidized by an automatic sample combustion system (Aloka ADS1 13R) into tritiated water to 
measure its radioactivity. Every tetrah sample was dissolved into a scintillator solvent 
(Instafluor, Packard Japan Co. Ltd.) and measured with a liquid scintillation counter (Beckman 
LS 6500). The tetralin sample Was also analyzed by g p  chromatography equipped with FID 

Tritiated tetralin was prepared by modifying the reported method.15) 
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(Shimadzu GC-14A). 

Procedure of Hydrogen Exchange Reaction between Tritiated Coal and Water. 
In order t o  predict locations of exchangeable hydrogen in coal, the hydrogen exchange reactions of 
coal that reacted with tritiated tetrah,  Le., tritiated coal, with water were performed. The 
tritiated coal and water were added into a glass reactor. The reactor was immersed into an oil 
bath with stirring After the reaction, suction 
filtration was performed and tritiated coal was washed with hot water. Further, the separated 
coal was dried under vacuum (< 10.' Torr) at 120 O C  for 1 h. After the coal was dried, it was 
oxidized by a method similar to the above using the combustion of coal. 

Calculation of Hydrogen Transfer Ratio. 
Hydrogen transfer includes both hydrogen addition and hydrogen exchange. The Hydrogen 
Transfer Ratio (HTR) estimated in this paper means the ratio of the amount of hydrogen 
transferred into coal (Hs) to the total amount of hydrogen in an original coal (Hcwl). HTR 
between coal and tetralin was calculated on'the basis of eq 1: 

The reaction was performed at 100 OC for 24 h. 

HTR = H, I Hcoal (1) 

H,,,I was calculated with the analytical data presented in Table 1. 
transferred from tetralin into coal (H,) was calculated on the basis of eq 2: 

The amount of hydrogen 

1 Htr = Rtet 1 ; Htr = Hie, IRtet (2) 

H,, is the amount of hydrogen contained in tetralin and &, is the radioactivity of tritium 
contained in tetralin after the reaction. In eq 2, it was assumed that the hydrogen transfer 
reaction between tetralin and coal is at equilibrium. Thus after the reaction, the ratio of the 
radioactivity in coal to the amount ofthe hydrogen transferred in coal (&,,, I Hb) is equal to the 
ratio of the radioactivity in tetralin to the amount of hydrogen in tetralin after the reaction. 

I 

RESULTS AND DISCUSSION 

Figure 1 shows the change in hydrogen transfer ratio (HTR) of coal with reaction time at 300 OC. 
Total HTR increased with reaction time and reached constant value at 180 I&. At this time, it 
can be considered that hydrogen transfer reaction has reached the equilibrium state. After 
hydrogen transfer reaction, the hydrogen exchange between the tritiated coal sample and water 
was performed to remove tritium in the functional group of coal and h o w  the extent of hydrogen 
exchange of functional group in the reaction of coal with tritiated tetralii. As shown in Figure 1, 
HTR corresponding to the hydrogen exchange between hydrogen in functional group of coal and 
tetralin increased with reaction time similarly and reached the constant value at 180 min. 

Figure 2 shows the change in HTR of coal with reaction temperature at 180 min. Although HTR 
was observed for each coal at 200 or 250 'C, this may be due to the sorption of tetralii molecule 
into coal as well as the hydrogen exchang. HTR remarkably increased in most of coals with 
increasingtemperature from 250 'C to  300 OC, while HTR for POC coal increased only slightly. 
Total HTRs for all coals and HTRs corresponding to hydrogen exchange of hydrogen of 
functional group in coal with tritiated tetralin are listed in Table 2. The result shows that at 
lower temperature, 200 and 250 OC, hydrogen exchanges between hydrogen in functional group 
and tetralii were very low. These results were significantly different from those for the reaction 
of coal with tritiated gaseous hydrogen, where most of hydrogen in functional groups exchanged 
with tritiated gaseous hydrogen at the same lower temperature in the presence of cataly~t. '~) 
However, HTR for functional group of coal with tritiated tetralii also remarkably increased with 
a rise ffom 250 OC to 300 'C. 

Figure 3 shows the change in tetralin conversion to naphthalene with temperature at 180 min. 
The trend of increase in tetralin conversion with temperature was similar to that in HTR. In the 
cases of lower rank coals, ND and WA, tetralii conversion increased with increasing temperature 
from 200 to 300 "C. In the cases of higher rank coals, IL, UF and POC, tetralii conversions 
were very low at temperatures 200 and 250 'C. However, those remarkably increased with a 
rise in temperature from 250 to 300 "C. The result suggests that, since lower rank coals, ND 
and WA, generated larger amount of radical species even at lower temperature, tetralin conversion 
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to naphthalene, that is hydrogen addition into coal was enhanced. For higher rank coals, 
however, it seems that a large amount of radicals were generated at 300 'C. Tetraliin conversion 
for IL Coal was highest at 300 OC and this may be due to the catalysis by a lar&er amount of 
pyrite included in IL coal. 

In Figure 4, total HTR of coal with tritiated tetralin and HTR corresponding to hydrogen 
exchange for functional group in the reaction with tritiated tetralin at 300 OC and 360 min were 
compared with HTR corresponding to hydrogen exchange between coal and tritiated water at 100 
"C which was previously reported. Except for ND coal, HTR corresponding to hydrogen 
exchange for fimctional group of coal in the reaction with tetralin was very similar to HTR of 
functional group between coal and tritiated water. The results shows that at 300 'C most of 
hydrogen in functional group of coal exchanged with tritiated tetralii. In the reaction of coal 
with tritiated tetralin, HTR decreased in the order IL>UF>WA>ND>POC which was different 
from that of the reaction of coal with tritiated water where HTR decreased with increasing coal 
rank.'4' There m i a t  be the decomposition of coal structure in lower rank coals at 300 'C which 
seems to affect the hydrogen transfer. 

CONCLUSIONS 

Hydrogen transfer reaction between coal and tritiated tetraliin sigpificantly proceeded at 300 OC 
and the amount of hydrogen transferred increased in the order POC<ND<WA<UF<IL. The trend 
for temperature dependence of hydrogen transfer between coal and tetralin was very similar to 
that of tetralin conversion to naphthalene. Except for ND coal, most of hydrogen of functional 
group in coal exchanged with hydrogen in tetralin at 300 'C. In contrast, at lower temperatures, 
200 and 250 OC, hydrogen transfer from tetralin to coal was very low for each coal and hydrogen 
in functional group only slightly exchanged. 
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Table 1 Ultimate analysis of coals used ( % d e )  
~ 

Coal C H N S 0 

ND 72.94 4.83 1.15 0.70 20.38 (L) 
WA 76.9 6.7 1.1 0.3 15.0 (SB) 
IL 77.67 5.00 1.37 2.38 13.58 (HVB) 
UF 85.50 4.70 1.55 0.74 7.51 (MVB) 
POC 91.05 4.44 1.33 0.50 2.68 (LVB) 

a) Abbreviations: ND: Beulah-Zap, WA: Wandoan, 1L: Illinois No.6, UF: Upper 
Freeport, POC: Pocahontas No.3; L: lignite, SB: subbituminous coal, HVB: high-volatile 
bituminous coal, MVB: medium-volatile bituminous coal, LVB: low-volatile bituminous 
coal. Except for WA, samples are coals of the Argonne Premium Coal Sample Program. 

Table 2 HTRs of coals with tritiated tetralin 

coal 200 OC 250 OC 300 OC 

Total HTR Total HTR Total HTR 
HTR ofOHa) HTR ofOH') HTR ofOH" 

ND 4.4 1.7 4.6 8.1 3.8 
WA 2.5 0.3 3.3 1 .o 9.0 4.6 
IL 4.5 1.6 5.7 0.9 14.4 6.2 
UF 2.8 1.4 3.5 11.7 2.0 
POC 2.3 0.1 2.9 4.2 O S  

a) Hydrogen transfer ratio of functional groups such as hydroxyl gfoup which was 
determined by the reaction of tritiated coal with water at 100 OC. 

20 

0 60 120 180 240 300 360 420 
Reaction Time (min ) 

Figure 1. HTRs of Illinois No. 6 with [3H]tetralin at 300 'C 
0: Total H T R  M: HTR for functional group in coal 
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Figure 2. Effect of temperature on HTR of coal with ['Hltetralin for 3 h. 
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Figure 3. Effect of temperature on tetralin conversion in the reaction of coal with tetralin (3h). 
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0: Total HTR of coal with ['HITetralin at 300 O C  for 3 h 
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INTRODUCTION 

Coal tar pitch, a by-product from the metallurgical coke industry, is made up of the volatile 
compounds evolved during coal carbonization. The inherent cyclic strncture content indicates its 
ability to be upgraded into hydroaromatic and cycloalkane compounds that have been shown to 
contribute towards high fuel stability at elevated temperature [1,2,3]. Since 1960s coal tar pitch 
fractions have been successfully demonstrated to be a suitable feedstock for the production ofjet 
fuels for high Mach aircraft [1,4], and have also been included in full-scale demonstrations in 
French fighter aircraft [51. 

For the future development of high-performance jet aircraft flying at high Mach speeds, the fuel 
specifications have to be increased significantly due to the extreme operating conditions the fuel 
mat experience. The fuel may potentially be used as a heat sink in some parts of the aircraft and 
operated at temperature as high as 900°F. Under these conditions the fuel is stressed to 
temperatures above its thermal stability, which in turn leads to fuel degradation and coke 
formation [6,7]. It has been found that high thermal stability hydroaromatic and cycloalkane 
compounds are desirable components for advancedjet fuels [1,2,3]. As a result, coal tar pitch 
distillates, which can be converted to those structures under hydrotreatment process, are chosen 
again for jet fuel production. However, current evaluations on coal tar production have shown 
that the production of raw coal tar in the US has declined significantly over the past 30 years due 
to the environmental issues. But, by incorporating with suitable petroleum refinery streams, the 
feasibility and desirability of coal tar blending as a viabkroute for the production of thermally 
stable jet fuel would increase. Thus, we would need to protect and extend the lifetime of coal tar 
as a resource for advanced thermally stable jet fuel production. 

The blends of various coal tar pitch distillates and suitable refinery streams have undergone 
laboratory-scale catalytic hydrotreatment. Coal tar pitch streams - high quinoline insolubles and 
low quinoline insolubles, carbon black oil, creosote oil, naphthalene still residue (NSR) and 
refined chemical oil (RCO) - and refinery streams - kerosene and light cycle oils (LCO) - were 
selected. The majority of these were eliminated early on in the study because of poor processing 
ability. Difficulties arising from asphaltene and pre-asphaltene precipitation from the heavy 
fraction were the main cause. The problems included a loss in catalytic activity and a decrease in 
hetero-atom removal. However, RCO proved to be an excellent feedstock. RCO is a very narrow 
boiling fraction, which contains over 50 % naphthalene. The hydrogenated products from the 
blends of RCO and LCO have produced good jet fuel fraction yields and high tetralin production 
- tetralin has been shown to have high thermal stability. Variations in reaction condition, 
pressure and temperature, as well as catalyst used have been performed to maximize the jet fuel 
fraction yield and tetralin conversion. 

EXPERIMENTAL 

Analysis Performed. Ultimate analysis of carbon, hydrogen and nitrogen compositions are 
obtained from a LECO CHN-600 analyzer and a LECO SC-132 sulfur determination analyzer. 
The feedstocks and products were analyzed by high temperature simulated distillation (HT- 
S i d i s )  GC analysis using a Hewlett-Packard 5890 series I1 plus fitted with a Restek MXT-500 
SimDis column. The boiling point distribution and the cut point of 200-260°C fraction, jet fuel 
range, were observed. Quantitative analysis and chemical specification were performed on the 
feeds and samples using a Hewlett Packard 5890 GC fitted with a 5971 mass selective detector 
(MSD) fitted with a J+W DB17 capillary column. The analysis of feedstocks is shown in Table 
1. 

Catalyst Preparation. NiMo/Al,O, and NiMoP/AI,O, catalysts from Criterion have been 
employed for this work. The catalysts were presulfided following the method used by Ueda and 
co-workers [SI. 

662 



? 

, 

I 

/ 

Sample Used. Refined chemical oil (RCO) was obtained from Koppers Industries Company. 
British Petroleum (BP) supplied light cycle oils,(LCO): LCO' light cycle oil feed, LCOb 
hydrogenated light cycle oil and LCO' deeply hydrogenated light cycle oil. 

Methods for Hydrogenation. Hydrogenation experiments were' performed in 25 ml 
microautoclave reactors following the methods used by Reddy et a1 [9].  The conditions for 
hydrogenation experiments included pressures between 500- I300 psig H, and temperatures 
hetween 325-375°C. Variations in the feedstock blending composition (LCO: RCO = 3:1, 1:1, 
1:3 and 0: l )  were assessed as well as the effect of the two catalysts, NiMo/Al,O, and 
NiMoP/AI,O,. After collecting a small part of the reaction products from the reactor, the 
remainder was recovered with THF followed by filtration. 

RESULTS AND DISCUSSION 

First, we compared the basic blends between different LCOs (LCOa, LCOb and LCO') and RCO 
at varying compositions and catalysts, and under the baseline conditions. Figure I shows that the 
blend of different LCO with RCO gave different jet fuel yields.'LCO' blends gave the outstanding 
jet fuel yield whereas those of LCO' and LCOb were in the same low-range yield. This is mainly 
due to the presence of hydroaromatic compounds in the LCO' that contribute to the higher 
conversion of the RCO through hydrogen donation and shuttling reactions. 

The blending compositions of LCO': RCO also affected the jet fuel yield (see Figure 1). By 
increasing the RCO concentration and using the NiMoP/Al,O,catalyst, we see an increase in the 
proportion of the sample boiling in the jet fuel fraction (200-260 "C). This is due in part to the 
increase in tetralin in the products, through the composition of high boiling material and 
subsequent hydrogenation. Tetralin conversion, during RCO hydrogenation using NiMOP/AI,O, 
catalyst (see Table 1) was lower than those of 1:1  blends under baseline condition in Table 2. 
Therefore, there was some synergistic effect promoted by the blend of LCO' and RCO. This 
again was probably due the hydrogen donation reactions. 

Figures 2-3 show chromatograms of blends of LCO' and RCO before and after hydrogenation. 
The conversion of a significant portion of the naphthalene to tetralin can be seen along with the 
formation of other products. For an indication of the tetralin conversion, the calculated value was 
based on saturation of naphthalene ring only. Therefore, the actual value would be higher due to 
the contribution of the tetralin from the decomposition and hydrogenation of the high boiling 
point compounds. Furthermore, other cyclic structures in jet yield fraction of LCO' also play an 
important role in the production of potentially thermally stable compounds. Therefore, to 
optimize jet fuel yield, tetralin production and other thermal stable components, we need to blend 
RCO with LCO" with RCO loadhgs greater than 50%. 

In addition, the hydrogenation conditions have formed products that have shown great increases 
in the WC ratio and effective removal of sulfur and nitrogen. Table 2 shows the analyses of 
hydrogenated products by varying pressure, temperature and catalyst used. The H/C ratio of 
hydrogenated products has been increased and their colors become lighter as the increase of 
temperature. Sulfur and nitrogen content were decreased more than 80% and 70% respectively. 
This result shows that the catalysts, especially NiMOP/AI,O,, have worked well in both 
desulfurization and denitrogenation reactions. 

Figure 4-5 shows the effects of pressure and temperature on tetralin conversion and jet fuel yield 
with the use of NiMolAl,O,. Increases in temperature greatly affected both tetralin production 
and jet yield. The effect of pressure shows that conversion to tetralin and the fraction boiling in 
the jet fuel range goes through a maximum around the baseline conditions of loo0 psig. For the 
reactions at high temperatures, cracking of heteroatoms and large aromatic compounds and the 

saturation of naphthalene molecules are more likely to occur. But at low-pressure condition, the 
reaction tends to shift chemical equilibrium to the right (Equation 1). This is why tetralin 
conversion is less likely to occur. 

High-pressure condition also hindered the tetralin production as well as jet yield. Thus, it can be 
summarized that 1000 psig H, and 350-375 "C is the most suitable condition for hydrogenation 
of LCO': RCO blends. 
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CONCLUSIONS 

The blend of LCO‘ and RCO under appropriate catalytic hydrogenation reaction can produce 
high quantities of tetralin, which indicates the potential high thermal stability, and an increase of 
sample boiling in the jet fuel fraction. The balance between jet fuel fraction yield, tetralin 
conversion and the production of other potentially thermally stable cyclic structures and can be 
controlled by blending composition and reaction conditions. The catalyst used plays an important 
role in tetralin conversion, desulfurization and denitrogenation processes. 
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Table 1: Ultimate analyses of LCO (a-c) and RCO. 

Feed I 70 C I % H I 9% N 1 %S I WCratio I Jet range(200-260°C) 
LCO’ I 90.0 I 10.8 1 0.14 I 4 . 0 5  I 1.44 I 18.5 
r . m b  I xxx I i i?  I n i ?  I cnns I l T 7  I 7P P 

LCO‘ I 83.8 I 14.0 I 0.36 I <0.05 I 2.00 I 32.5 
RCO I 91.7 I 6 5  I 043 I 042  I n x 4  I 57 1 

I 
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Figure 1: The effects of variation of blending types and composition on jet fuel yield. 

Figure 3: GC trace of hydrogenated product from the blend of LCO' and RCO after 
hydrogenation at 50"C, 1000 psig H, by using NiMo/Al,O,). 
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Figure 4: Temperature effects on jet fuel 
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Figure 5: Pressure effects on jet fuel 
yield and tetralin conversion. 
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INTRODUCTION 
\ 

Coal liquefaction is believed to be one of the most important processes among coal utilization 
technologies in near future, which can convert solid coal to liquid fuel. In Japan, two coal 
liquefaction processes, brown coal liquefaction process (so called, NBCL process) and 
bituminous coal liquefaction process (NFiDOL process), have been developed under financial 
support provided by NEDO. Many studies were conducted concerning the effects of the 
reaction temperature, residence time, the structures of recycle solvents, properties of iron 
catalysts, etc on the yield of liquid products. 

Coal liquefaction had been thought to proceed via thermal cleavage of relatively weak 
bonds followed by stabilization of the resulting radicals by hydrogen donatable solvents, 

al. proposed another mechanism including radical hydrogen transfer (RHT) instead of thermal 

coprocessing of coal with heavy oil.') On the other hand, Franz er aLz) and Savage et aL3) 
proposed reverse radical disproportionation (RRD). The radical formed from RHT or RRD 
reaction, released alkyl radicals via @-cleavage, which will be stabilized by hydrogen 
donatable solvents. In this paper, we have investigated methyl groups generated from C-C 
bond fission of coal during heating in the presence of polycyclic aromatic compounds . 

i~ 
\ 

, these mechanisms being described in the paper published in early 80's. In 1987, Malhotra et 

cleavage, with which they explained the experimental results of coal liquefaction and 1 

I 

\ EXPERIMENTAL 

Reagents and Coal Samples. 

In the present study, about forty kinds of coal samples with carbon dontents ranging from 
67 9% to 91 k (wt%, daf) were employed, which were provided by Nippon Steel Chemical 
Ltd., Center of Coal Utilization, Japan (CCUJ), the Iron and Steel Institute of Japan (ISU), 
and Nippon Brown Coal Liquefaction Co. Ltd. (NBCL). These coals were ground under 
100 mesh and dried at 40 "C for a night before use. 9-Methyl-, 9-ethy1, and 9- 
methoxyanthracenes were prepared by the method reported previously. The other reagents 
employed in this study were commercially available and purified by conventional 
recrystallization or distillation prior to use. 

Reaction of Coal Samples with Aromatic Compounds. 

Details of reaction of coal samples with polycyclic aromatic compounds were described 
elsewhere?) Typical procedure was as follows: A mixture of 100 mg of a sample coal and 
100 mg of anthracene was put in a Pyrex tube (0 6 mm x 100 mm long), then the tube being 
sealed. The resulting tube was put into an electric furnace preheated at 420 "c and kept for 
5 min. After the reaction was quenched by removing the tube from the furnace, the products 
were recovered by washing the inside of the tube with methylene chloride and submitted to 
GC and GC-MS analyses. 

MO Calculations. 

All MO calculations were carried out on an Apple Macintosh computer by using a 
semiempirical molecular orbital calculation program, CAChe (Computer Aided Chemistry) 
MOPAC 94, which was purchased from CAChe Scientific Inc. The values of heat of 
formation for the polycyclic aromatic hydrocarbons were determined by solving the 
Schrijdinger equations using the AMI semiempirical Hamiltonians. 

Solid State NMR Spectroscopy. 

SPElMAS "C NMR spectra were recorded on a Chemagnetics CMX-300 spectrometer under the 
following conditions; resonance frequency for I3C 75.5 MHz; pulse width 45'; proton decoupling 
frequency 83 kHz (9W pulse width=3.0ms); scan number 1000; pulse delay 100 s; and MAS 
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frequency 10.5 kHz. Curve fitting was conducted on an Apple Macintosh computer with a data 
processing software, MacFID (TechMag Inc., Ver. 5.4). The classification of carbon types was as 
follows: carbonyl and carboxyl (the deconvoluted peak centered at 187 and 178 ppm). aromatic 
carbons attached to oxygen (167 and 153 ppm), aromatic carbons attached to carbon or hydrogen 
(140, 126 and 113 ppm), methoxy (56 ppm), methylene (40 and 31 ppm), a-methyl to aromatic 
ring and branched methyl (20 ppm) and terminal methyl in side chains (13 ppm). 

RESULTS AND DISCUSSION 

The Reaction of Coal Samples with Aromatic Compounds. 

More than forty kinds of coal samples ranging from brown to semi-anthracite were employed 
in this study. The reaction of the coal samples (100 mg) with anthracene (100 mg) was 
conducted at 420 "C for 5 min in a Pyrex tube. The main products containing anthracene 
skeleton were 9,lO-dihydroanthracene (DHA), 1,2,3,4-tetrahydroanthracene (THA), and 
methylanthracene isomers (MA, mainly consisted of 9-methyl isomer along with minor 
amount of 1- and 2-methyl ones). 

420 OC, 5 min 
+ Pyrextube * 

Although dimethylanthracenes and methyldihydroanthracenes were also detected, their yields 
were very small. In almost all runs, the recovery of anthracene derivatives was more than 
90 mol%, which seems to be a reliable value for the following discussion. The results are 
summarized in Figure 1. DHA and THA were produced via hydrogen abstraction by 
anthracene from hydrogen donatable parts in the coal samples, while the fornation of MA 
suggests that anthracene could capture the methyl radicals produced by C-C bond fission. 
Yields of DHA and THA became the highest from the reaction of the coal with ca. 86% of 
carbon (Figure la), while yield of MA showed different tendency, i.e., the lower the coal 
rank was, the higher the MA yield was (Figure lb). With elongation of reaction duration 
from 5 min to 30 min, MA yield increased monotonously. 

We also conducted the reaction of the coal samples with pyrene and acridine, radical 
acceptability of which is known to be different from that of anthracene. Therefore, we 
would like to investigate correlation between radical acceptability and methylarene yields. 
The results are shown in Figure 2. In the every coals employed, yield of methylarenes 
obeyed the following sequence; pyrene < anthracene < acridine. We evaluated radical 
acceptability of these arenes according to the following equation using MO calculation 
program package (MOPAC 94): 

MH,= AHH,(ArHMe*) - AHr(ArH) -AHr(Me*) 

where AH means standard heat of formation. The values of AAH for pyrene, anthracene, 
and acridihe were calculated to be +1.1, -4.8, and -28.6 kcaYmol, re'pectively. This indicates 
that using the arenes with higher radical acceptability, methyl radical migrates to the arenes 
more easily. 

It is known that various kinds of carbon or methyl group are present in coal. The methyl 
migration reaction observed in this study should be caused by a certain type of methyl 
group. In order to get an information concerning the source of the methyl groups migrated, 
we measured solid state "C NMR spectra for the sample coals, the resulting spectra being 
divided into twelve curves and the carbon distribution was estimated as shown in experimental 
section. Figure 3 shows the plots of MA yield (wt%, from the reaction at 420 "C for 5 min) 
against concentration of methyl groups (methoxy, a-methyl, terminal methyl and their total) 
in the coals (mol%) estimated from the "C NMR spectra. The concentration of methoxy, 
terminal methyl and total methyl groups seemed to correlate weakly. Since the errors in the 
N M R  measurements and estimation of carbon types were not so small, we could not determine 
what the origin of methyl groups migrated is. Only what we can say is larger amount of 
methyl gave higher yields of methylanthracenes in the reaction of coal with anthracene. 

Migration of Methyl Groups from Methyl-Containing Compounds to Polycyclic 
Aromatics. 
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To discuss about the mechanism of methyl groups-migration reaction, we conducted the 
reaction of model compounds. We selected 9-methyl-, 9-ethyl-, and 9-methoxyanthracenes 
(abbreviated as 9-MA, 9-EA, and 9-MeOA. respectively). This reaction requires a hydrogen 
donatable solvent and a radical accepting compound, for which 9,lO-dihydroanthracene 
@HA) and acridine (Acr) were employed, respectively. The reaction was conducted at 420 
"c for 5 min in a pyrex tube, the results being summarized in Table 1. The order of reactivity 
(judging from the conversion) of the anthracenes obeyed the following sequence; 9-MA = 
9-EA < 9-MeOA. The reaction of 9-MA afforded methylacridines (M-Acr), 
dimethylanthracenes (DMA), and methane in 18,2.4, and 1.1 % yield, respectively, as the 
major methyl group-containing products. In the case of 9-EA, main products were 
ethylacridines (E-Acr, 15 %), diethylacridines (DE-Acr, 2.7 %), and ethane (3.9 %) along 
with small amount of methylacridines (2.2 %). In the reaction of 9-MeOA, the main products 
were M-Acr (44 %), methane (36 %), and anthrone (42 %). 

Formation of light hydrocarbon gases and alkylacridines indicate that alkyl radicals participate 
this reaction and there are three possibilities for the fate of the radicals formed (Schemel), 
i.e., a) hydrogen abstraction to form alkanes, b) dimerization to alkanes, and c) capture with 
aromatics to form alkylarenes. 

+ 

Contribution of these pathways a,b,c seemed to be varied depending on the functionality of 
methyl groups. Now, we are investigating the factors affecting the products distribution. 
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Figure 1 Plots of the yield of DHA (0, (a)), THA (A, (a)) and MA (0, (b)) from 
the reaction of coal with anthracene at 420 'C for 5 min against carbon content 
of the coals 
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Figure 3. Plots of the yields of methylanthracene (MA) against 
concentration of each type of methyl group in the coal samples 

Table 1. The reaction of methyl mup-containinR anthracene with acridine in the Pnsmcc of DHA" 
Conv. of Yield (mol%) Yield of gas (mol%) 

Substrate Subst. (mol%) DMA M-Am E-Au DEAcr H, C& C& 
9-MA 28 2.4 18 - 0.41 1.1 - 
%EA 28 - 2.2 15 2.6 0.37 - 3.9 

9-McOA 87 5.3 44 - 0.35 36 0.6 
a) A mixture of substrate (0.25 mmol). Acr (0.25 mmol). and DHA (0.0625 mmol) was heated 

at 420 "C for 5 min in a pyren tube. 
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INTRODUCTION 

Pretreatments under mild conditions do not substantially alter the structure of coal and increase 
its extractability with organic solvents [1,2]. Up to 80 WI% of Yallourn coal, which had been 
oxidized at 60'C with aqueous H,O, in the presence of 1-propanol, was solubilized in ethanol 
[I]. The ethanol soluble fraction was further hydrogenated using a Ru/AI,O, catalyst in a mixed 
solvent of ethanol and acetic acid at 120'C for 12-72 h at a hydrogen pressure of 10 MPa [2], to 
give a yellowish white solid (hydrogenated white coal). This catalytic hydrogenation altered the 
aromatic structure of the coal, in part, and increased its reactivity with respect to pyrolysis. 
However, the H202 oxidation was not effective in increasing the extractability of bituminous 
coals. 

Shimizu et al. [3,4] depolymerized a subbituminous coal using a superacid at 150'C. This was a 
unique process which greatly increased the solubility of coal. In the present study, Illinois #6 
coal was depolymerized using the superacid, trifluoromethanesulfonic acid (CF,SO,H, hereafter, 
referred to TFMS), in the presence of solvents at 12o'c, and the treated coal was then extracted 
with tetrahydrofuran (THF). The THF solubilized coal was then hydrogenated over a Ru catalyst 
at 120'c for 48 h under a hydrogen pressure of 10 MPa. Changes in coal structure and pyrolysis 
reactivity by the combination of superacid treatment and catalytic hydrogenation were then 
examined. 

EXPERIMENTAL 

Depolymerization via l k a t m e n t  with Superacid Followed by T H F  Extraction: Figure 1 
shows the procedure for superacid treatment and THF extraction of Illinois #6 coal. 1 g of the 
coal, which was pulverized to 74-125 ,urn in size, 3-5 mL of TFMS, and 13 mL of a solvent 
were mixed in an autoclave of 25 mL. Toluene, methylcyclopentane or isopentane were used as 
the solvent, and the suspension was stirred at 120'c for 3 h [3]. After the depolymerization, the 
product was neutralized with an aqueous solution (5 wt%) of Na&O,. The precipitate was 
washed with water and extracted with THFunder ultrasonic irradiation at room temperature. The 
mixture was then separated into THF-soluble (TSJ and THF-insoluble (TI) bactions by 
centrifugation. The TS, baction was then subjected to hydrogenation. The raw coal was also 

solvent; 13mL 
deuolvmerization 
temperature; 120% 
reaction time; 3h 

THF extraction 
I 

hvdroaenation 

Figure 1. Deporimerization and 
fractionation procedure. 

hvdroaenation 
temperature;.lZO*C, H, pressure; lOMPa 
time; 48h. catalyst: Rdactivated carbon 
solvent; THF+acetic acid 

I 
I 

removal of catalvst 

Figure 2. Hydrogenation and 
fractionation procedure. 
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extracted with THF, and the THF soluble fraction was subjected to further characterization. The 
T S  fraction of the raw coal is hereafter referred to as the TS, fraction. 

Hydrogenation of THF Extract: Figure 2 illustrates the procedure used for the hydrogenation 
of the TS, fraction. A ruthenium-supported activated carbon catalyst (metal content = 5 wt%, 
Wako Chemical) was used for the hydrogenation. 1 g of the TS, fraction was dissolved in a 
mixture of 8 mL of acetic acid and 6 m L  of THF in a 25 mL autoclave equipped with a magnetic 
stirrer, and hydrogenated using 1.5 g of the catalyst at 12O0C for 48 h under a hydrogen pressure 
of 10 MPa. After the removal of the catalyst by filtration, the solvent was evaporated. The 
product was then extracted with water under ultrasonic irradiation, leading to a hydrogenated, 
THF-soluble (H-TS) fraction and a water-soluble organic (WSO) fraction. Each fraction was 
dried at 70'C for 6 h under vacuum, and the yields were determined gravimetrically. 

Structural Analysis and Flash Pyrolysis of Products: The H/C atomic ratio of the coals was 
evaluated by elemental analysis, and the molecular weight was determined by GPC analysis 
described previously [2]. The hydrogen distribution and aromaticity (fJ were estimated by H- 
NMR spectroscdpy and elemental analysis using the Brown-Lander equation [5]. The thermal 
reactivity of the coals was evaluated by flash pyrolysis at 764'C under an inert atmosphere using 
a Curie-point pyrolyzer (CPP, Japan Analytical Industry, JHP-22). Inorganic gases (IOG; CO, 
CO, H1O and HA and hydrocarbon gases (HCG C&) were analyzed using gas 
chromatographs (GC) equipped with TCD and FID detectors. The tar fraction was analyzed 
using a CPP connected to a GC interfaced with a mass spectrometer (GCMS, Shimadzu, QP- 
5000) [6]. 

RESULTS 

The TS, and TS, fractions were recovered as solids after the removal of the solvent, while the H- 
TS kaction was a viscous black liquid. Figure 3 shows the yields of the TS, TS, and TI fractions. 
The yields are expressed in wt% of the mass of the dry raw coal. The TS yield, which was 14 

. .  raw 
c"A- 

I 
0 50 100 

0 TS I TI 

Extraction yield [wt% - raw coal] 

solvent TFMS (mL) 
a toluene 3 
b methylcyclopentane 3 
C isopentane 3 
d isoDentane 5 

Figure 3. Yields of TS and TI fractions by 
depolymerization using TFMS. 
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Figure 4. Product distributions of 
flash pyrolysis. 
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wt% for the raw coal, was increased by the depolymerization to 89 wt% for the case of 
methyWlopentane, and 79 wt% for isopentane. Figure 4 shows the product distributions of the 
flash Pyro~ysis for the raw coal, the TS, and TS, fractions, and the H-TS fraction. The yields are 
expressed based on the initial mass of each sample used for pyrolysis. The char yield was 62 
wt% for the raw coal, 40 and 38 wt% for the TS, and TS, bactions, respectively, and 5 wt% for 
the H-TS baction. The tar yield was increased &om 24 wt% for the raw coal to 61 wt% for the 
H-TS. The total yield of hydrocarbon gases, which were rich in ethylene and ethane, was 
increased as a result of the hydrogenation. The yields of CO, CO, and H,O were increased, while 
the yield of H, remained unchanged by the hydrogenation. 

Table 1 shows the elemental analysis of the raw coal and the TS, TS, and H-TS bactions, as 
well as the molecular weight of the TS, TS, and H-TS fractions. The HIC atomic ratio was 
increased bom 0.89 for the raw coal to 1.52 for the H-TS baction. The molecular weight of the 
H-TS baction at the peak of the elution curve was approximately 1000. Table 2 shows the 
hydrogen distribution, as well as the aromaticity, of the TS, TS, and H-TS bactions, as 
determined by H-NMR spectroscopy. The depolymerization resulted in an increase in the H, 
and H, of the TS, baction. The hydrogenation of the TS, baction resulted in a decrease in the 
Ha, H, and f,, and an increase in the H,. The H, remained unchanged by the hydrogenation. 

The tar component, obtained by the pyrolysis of the H-TS fraction at 764'c, contained 
approximately 40 components. The unit structures of 6 major components were analyzed by 
GC/MS, elemental analysis, molecular weight and hydrogen distribution. As shown in Figure 5, 
these species were composed of 1-3 rings, suggesting a partial hydrogenation of the coal 
structure. The yield of these species was 14 wt% for (A), 13 wt% for (B), 11 wt% for (C), 7 wt% 
for (D), 8 wt% for (E) and 4 wt% for (F) with respect to the initial mass of the H-TS. 

DISCUSSION 

The Illinois #6 coal, which was depolymerized using TFMS in the presence of 
methylcyclopentane, was solubilized in THF at a yield of 89 wt%. As shown in Table 2, the 
increase in the H, and H, after superacid treatment suggests that alkyl groups, derived from the 
solvent, are introduced into the coal structure [3]. The decreases in H,,, Ha and 5 indicate that the 
aromatic rings in the coal structure are hydrogenated over the Ru catalyst. The increase in H,, 
which is assigned to methylene and alicyclic hydrogens, is also indicative of the hydrogenation 
of the aromatic structure of the coal. The H,, which is assigned to methyl hydrogens of the TS,, 
remains unchanged by the hydrogenation, suggesting that side chains are not greatly 
decomposed during the hydrogenation. 

No differences in pyrolysis reactivity were observed between TS, and TS,. The HCG yield is 
increased by only 2 wt% by depolymerization. Thus the superacid treatment leads to an increase 
in the amount of extracts without altering the pyrolysis reactivity of the TS, baction. The yield of 
volatile matters is increased by the hydrogenation born 62 wt% for the TS, baction to 95 wt% 
for the H-TS baction. Assuming that the decrease in the is caused by the hydrogenation of 
aromatic rings, 21 mol% of the aromatic carbons in the coal are converted to alicyclic carbons. 

CONCLUSIO'NS 

THF-solubilized coal was depolymerized with TFMS and then hydrogenated over a Ru catalyst 
in a mixed solvent of THF and acetic acid at 120'c. The pyrolysis reactivity of the THF- 

Table 1 ,  Elemental Analysis and Molecular Weight 
of the Raw Coal, TS,, TS, and H-TS Fractions 

raw coal 74.5 5.5 1.5 18.5 0.89 0.19 
75.3 5.5 1.4 17.8 0.88 0.18 3000 TS, 

TSd 77.2 6.3 0.9 15.6 0.98 0.15 1500-2000 
H-TS 68.7 8.7 0.1 22.5 1.52 0.25 1000 

a molecular weight 
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Table 2. Hydrogen Distribution and Aromaticity 
of TS, TSd and H-TS Fractions 

moVlOO mol of hydorogen 
sample fa 

TSr 

Har H a  Hg H ,  

25.3 29.4 34.0 4.9 0.61 
TSd 19.9 22.5 39.8 11.2 0.60 
H-TS 10.1 13.3 53.2 12.0 0.39 

Figure 5. Unit structures of major compounds formed 
by pyrolysis of the hydrogenated TS fraction. 

solubilized coal was increased by catalytic hydrogenation, which clearly altered the aromatic 
structure of the coal. 
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Although significant research has been conducted on the characterization of 
porosity, significantly less attention has been paid to the structural variations 
occurring during the activation process. Accordingly, this paper presents the 
structural characterization of a series of activated carbons using several analytical 
techniques. For this study, a Pennsylvania anthracite was steam activated in a 
vertical tube furnace for different periods of time. Solid yields below 60% 
enhanced the formation of mesopores. With increasing activation time, the 
atomic W C  ratios decrease and there is a significant rise in the condensation of 
the aromatic structures, regardless of the type of porosity developed. 

INTRODUCTION 

There is a continuous worldwide growing demand for the production of activated 
carbons, due to the increasing number of applications of these materials, 
especially those related to environmental protection [l]. The main reason for this 
expanding market is the ubiquitous use of activated carbons as adsorbent 
materials in a broad range of increasing applications, including both gas-phase 
and liquid-phase adsorption. In the US, the demand for activated carbon is 
forecast to increase 5-6% annually, and it is expected to reach 440 million pounds 
in the year 2002. The adsorptive properties of activated carbons are known to 
depend on both their porous and chemical structures. Although significant 
research has been conducted on the characterization of porosity, significantly less 
attention has been paid to the structural variations occurring during the activation 
process. Accordingly, this paper presents the structural characterization of a 
series of activated carbons by using several analytical techniques. For this study, 
anthracites were selected as precursors for the production of activated carbons. 
Their inherent fine pore structure makes them excellent raw materials for 
producing adsorbent carbons with molecular sieve properties for gas separation 
in pollution control technologies [2]. A Pennsylvania anthracite was steam 
activated in a vertical tube furnace for different periods of time. The chemical 
structures of the resultant series of activated samples were extensively 
characterized using elemental, solid state "C NMR and X-ray analyses. The 
structural variations determined by the above techniques were related to the 
adsorptive properties of the resultant activated carbons. 

EXPERIMENTAL PROCEDURE 

The Pennsylvania anthracite selected (Lehigh Coal & Navigation) contains - 6.8 
% ash (db) and the atomic WC ratio is 0.21. For this study, the anthracite was 
ground and sieved to generate particle size fractions of 150-250 pm and 1-3 mm. 
The activation set-up used consists of a vertical tube furnace, where a stainless 
steel tube reactor, containing around 5 g of sample, is placed. A thermocouple 
inserted in the reactor monitors the sample temperature. When the sample 
reaches the activation temperature (85OoC), a flow of steam is introduced by 
pumping water into the reactor at low flow rates (-1.2 g h i n ) .  The porosity of 
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the samples was characterized conducting N, adsorption isotherms at 77K using a 
Quantachrome adsorption apparatus, Autosorb- 1 Model ASIT, as previously 
described [3]. The elemental analyses were carried out on a Leco CHN analyzer. 
The solid state I3C NMR measurements were conducted on a Chemagnetics M-100 
instrument with a field of 2.4 T and a spinning speed of 3.5 kHz. For the 
quantitative single pulse excitation experiments (SPE) about 8000- 14000 scans 
were acquired with recycle delays ranging from 60-100 seconds. As in earlier 
work [4], tetrakis(trimethylsilyl)silane (TKS) was used as an internal standard to 
determine the proportion of carbon observed by SPE. The dipolar dephasing 
(DD) SPE experiments were conducted using dephasing times between 1-400 ps. 

RESULTS AND DISCUSSION 

Development of porosity Table 1 lists the solid yields, BET surface area (SA), 
total pore volume (V,,,) and micro- (Vmicro) and mesopore (Vmeso) volume for 
the activated anthracites. For the particle size fraction 150-250 pm, the solid 
yield decreases as the activation time increases, going from 59% to 33% after 60 
and 90 minutes' activation, respectively. As expected, the larger particle size 
fraction presents a much higher solid yield, 79% for the 1-3 mm fraction at 90 
minutes activation, compared to that of 33% for the 150-250 pm fraction. Thus, 
the solid yield is strongly dependent on the particle size of the precursor, with 
higher yields for the bigger particle size fractions. The anthracite fraction 150- 
250 p m  activated for 90 minutes presents the highest SA and VToT (1037 m2/g 
and 0.46 cc/g, respectively), while the fraction 1-3 mm activated for 90 minutes 
presents the lowest SA and V,,, (284 m2/g and 0.13 cclg, respectively). These 
differences are strongly related to the solid yields [5].  A very good correlation 
has previously been obtained between the solid yields and the surface area and 
total pore volume, regardless of the particle size of the precursor [5] .  

The adsorption isotherms of the raw anthracite and the activated samples are 
Type I, corresponding to microporous systems. Table 1 also lists the micro- and 
mesopore volumes of the activated anthracites and Figure 1 shows the evolution 
of the micro- and mesopore volume with solid yield. For all the activated 
anthracites, the micropore volume is significantly larger than the mesopore 
volume. However, extensive gasification (solid yields c 60%) seems to promote 
the formation of mesopores, as illustrated by the rapid change of slope of the 
mesopore volume evolution (Figure 1). For instance, the mesopore volume 
accounts for only -8% of the total pore volume at 59% solid yield (fraction 150- 
250 pm activated for 60 minutes), while the mesopore volume comprises -19% 
of the total pore volume at 33% solid yield (fraction 150-1250 pm activated for 
90 minutes). Previous studies have shown that the increasing formation of 
mesopores with decreasing solid yields are due to the removal of some pore walls 
and enlargement of some micropores [2]. 

Structural changes Table 2 lists the atomic WC ratios for the parent anthracite 
and activated samples. As expected, the atomic WC ratios decrease with 
activation, going from 0.21 for the parent anthracite to 0.07 for the sample 
activated for 90 minutes (150-1250 pm). Solid state "C NMR experiments were 
conducted in all the samples, using the quantitative Single Pulse Excitation (SPE) 
method [4]. Figure 2 shows the "C SPE spectrum for the anthracite (150-1250 
p n )  activated for 90 minutes. The internal standard (TKS) used for the 
quantitative SPE experiments gives a resonance at 3.2 ppm, while the aromatic 
carbon band is centered at -122 ppm. The spectrum is dominated by the 
aromatic peak accounting for >99% of the total carbon. This is also the case for 
all the samples investigated, where the carbon aromaticity (fa) is -1  (Table 2) .  
The higher concentrations of paramagnetic centers expected in the activated 
samples did not affect the amount of carbon observed by SPE. For instance, for 
the anthracite (150-1250 pm) activated for 90 minutes, that is presumably the 
sample with the highest concentration of free radicals, over 90% of the carbon 
was observed by the SPE technique. 
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Additional structural information can be obtained by conducting NMR dipolar 
dephasing (DD) experiments to determine the proportions of non-protonated 
aromatic carbons (fnon-prot) and further calculation of bridgehead aromatic 
carbon [4]. Figure 3 shows the I3C SPE-DD spectra for the parent anthracite, 
with dephasing times of 1, 40, 150 and 300 ps. The signal from protonated 
carbon has decayed after 40 ps, and the remaining signal is from the non- 
protonated aromatic carbon. The ratio of non-protonated to total aromatic 
carbon can be found by deconvoluting the decay of the NMR signal, as illustrated 
for the parent anthracite in Figure 4. The initial decay of the signal intensity is 
dominated by the dephasing of the protonated aromatic carbons and can be 
described with a Gaussian lineshape, while the longer decay is attributed to non- 
protonated aromatic carbon and is Lorentzian distributed. Table 2 lists the fnon- 
prot for all the samples investigated. With increasing activation time, there is a 
significant rise in the fnon-prot indicating an increase in the degree of condensation 
of the aromatic structures. The "C NMR structural data for all the activated 
anthracites will be correlated with X-ray data and the atomic HIC ratios. 

CONCLUSIONS 

Anthracites can easily be converted into activated carbons by steam activation. 
The particle size of the precursor strongly affects the solid yields of the resultant 
activated samples, with higher yields for bigger particle size fractions. For all 
the activated anthracites, the micropore volume is significantly larger than the 
mesopore volume. However, solid yields below 60% enhance the formation of 
mesopores. The SPE I3C NMR experiments conducted show that with increasing 
activation time, there is a significant rise in the condensation of the aromatic 
structures, regardless of the type of porosity developed. Mechanisms that 
correlate the evolution of the porous structure with the chemical structure will be 
reported. 
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Table 1: Yield, BET-surface areas, and total, micro- and mesopore volume for 
the activated anthracites I .  

Activ. time Yield SA VTOT V,,,, V,,,, 
min % mZ/g ccIg cclg cclg 

150-250pm 60 59 613 0.32 0.30 0.02 

...................................................................................................................................................................................................... 150-250pm 90 33 1037 0.46 0.37 ._.,,,,,,,,___,,,_,,_.._._ 0.09 
1-3 mm 60 79 284 0.13 0.12 0.01 

I The solid yields and surface areas are expressed in ash free basis. 
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Table 2: 
protonated aromatic carbon (fnon-prot) for the parent and activated anthracites. 

Atomic W C  ratios, carbon aromaticities (fa) and proportion of non- 

Activ. time I min Atomic W C  fa fnon-prot 

Parent _ _  0.21 0.99 0.76 

150-250 pm 60 n.d. 1 .oo 0.86 

150-250 pm 90 0.07 1 .oo 0.93 

n.d.: Not determined 
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activated for 90 minutes using the quantitative SPE method. 
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INTRODUCTION 

Even now, about a half of coal consumption in Japan corresponds lo coke production for steel 
making. Therefore, carbonization process is very important among coal utilization techniques. 
Much effort has been pa id  to the development of effective carbonization process andlor 
replacement of the present coking processes by new concept such as the direct ion ore smelting 
process because our country has been imported almost all the coking coals and worried about a 
precious resource exhausting problem. Therefore, a deep understanding of plastic phenomena of 
coal was desired earnestly. We h a k  been studymg the phenomena of fusibility of coals by the 
estimation of amounts of transferable hydrogen, the measurement of their solid-state "C NMR 
spectra and their thermogravimetric analyses (TGA)[1,2]. In those investigations, we found the 
relationship between R,JWL (obtained from TGA) and Gieseler fluidity and also that solid state 
''C NMR can evaluate the amount of transferable hydrogen. We referred to the schematic 
illustration of the structural change during heating which was proposed by Spiro[3] in considering 
the mechanism of coal plasticity. Although Spiro's illustraion was based on the chemical structure 
of coal of 1980's. the structural analyses of coal and the detailed analyses of structural change 
during heating should be examined again in order to understand fusibility chemistry of coal at the 
level of molecule. Snape et al.[4] reported the characterization of partially carbonized coals based on 
solid-state I3C NMR and optical microscopy: the change of aromatic cluster size with the heat- 
treatment was discussed. In the present study, we employed a typical coking and a non-coking coals, 
Goonyella and Witbank. Ruthenium ion catalyzed oxidation (RICO) reaction of two coals was 
performed to get information concerning aliphatic portion of these coals. At the same. time, the 
sample coals were heat-treated in the electric furnace in order to observe the structural changes 
during heat-treatment at the level of molecule, and the resulting char frachon and the devolatilized tar 
fraction were analyzed by solid-state "C NMR and FT-IR spectroscopy, respectively. 

EXPERIMENTAL SECTION 

Samples .  
The coal samples used in this study were Goonyella coal (GNY; C 88.1'76, H 5 .  I%, N 1.9%. daf.) 
from Australia and Witbank coal (WIT; C 82.7%, H 4.5%. N 2.2%. daf.) from South Africa. WIT 
is called as non-coking coal in the field of coke industry, however, this coal shows a little degree of 
plasticity. The sample coals were provided by the Iron and Steel Institute of Japan, these being 
pulverized (-100 mesh) and dried at 60'C under vacuum for a night prior to use. 

Ruthenium ion catalyzed oxidation (RICO) reaction of coal .  
Coal sample (1 8). NaIO, (20 g) and RuCI,*nH,O (40 mg) were put into a glass flask and stirred in 
the presence of mixed-solvent, H,O (30 ml). CH,CN (20 ml) and CCI, (20 ml), under the nitrogen 
flow at 40°C for 48 h. The resulting carbon dioxide was purged with N, flow through CaC1, and 
ascarite, and the yield of C02 was determined by the weight increase of ascarite. The details of the 
products workup and analysis were indicated elsewhere[5]. We could analyze the fractions 
containing lower carboxylic acids, higher carboxylic acids, aliphatic polyacids, and aromatic 
polyacids. 

Heat-treatment of coal and  analysis of the products. 
Heat-treatment of coal was conducted by using a tubular electric furnace (Isuzu DKR014K with a 
temperature controller EPP- 14) under 50 dmin  of nitrogen stream. One gram of coal sample was 
placed at the center of the quartz tube, and heated up to a determined temperature at a heating rate of 
3 wmin. Final temperatures of heat-treatment were softening, maximum fluidity and 
resolidification temperatures of each coal (these were determined by Gieseler plastometry; 397, 456 
and 498'C for GNY and 412, 432 and 446°C for WIT, respectively). The resulting char and tar 
fractions were recovered and weighed to obtain their yields. Tar fractions were analyzed by FT-IR 
spectroscopy (Shimadzu FTIR-8100M), and char fraction by "C NMR spectroscopy 
(Chemagnetics CMX-300). 
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RESULTS AND DISCUSSION 

\ 

\ 

RKO reaction of two sample coals 
In order to observe the structural differences between GNY and WIT at the level of molecuk we 
performed RICO reaction of these two coals. After the reaction, we recovered carbon dioxide, 
lower carboxylic acids, acids in organic layer and water layer, and residue with less solubility and 
high molecular weight materials, The yields of carbon dioxide reached around 50% of the whole 
product because of the high aromaticity of these coals, however, the carbon recovery of this reaction 
was excellent; 96% for GNY and -100% for WIT. We determined the amount of a series of mono- 
and dicarboxylic acids from the analyses of lower acids fraction and organic layer. Figure 1 shows 
the distribution of mono- and dicarboxylic acids. Monoacids correspond to the side chains in coal, 
while diacids indicate the presence of bridge bonds between two aromatic moieties. From Figure 1 a, 
we can recognize -3 moYlOOmolC of acetic acid derived from methyl group in coal, and the amount 
of other acids derived from longer side chains decreased monotonously with the number of carbon. 
Diacids also showed similar tendency. As to the comparison of GNY and WIT, several differences 
were found: longer side chains and bridges were detected in larger amount for WIT than for GNY, 
and the longest side chains and bridges were found for WIT. As the other products derived from 
N C O  reaction of coal, we obtained aliphatic polycarboxylic acids and aromatic polycarboxylic 
acids. The precursors of these acids were considered to be alicyclic structure attached to aromatic 
cluster and highly condensed aromatic cluster, respectively. However, the apparent differences of 
the amounts of these acids between two coals could not be observed. The results obtained by "C 
and 'H NMR of two coals indicated that GNY had slightly larger aromatic cluster than WIT. 

Structural changes during heat-treatment 
We performed the heat-treatment of GNY and WIT in the electric furnace in order to investigate the 
structural changes during heating. The devolatilization started at about 300'C, and the deposition of 
tar fraction appeared around 400°C in the heat-treatment of coals. We recovered char and tar 
fractions after the end of heat-treatment. Other products were gases such as CH, and C02, and 
lighter hydrocarbons such as benzene. The yields of char and tar fractions obtained by the heat- 
treatment of coals at above three different temperatures were shown in Table 1. The weight loss 
(100% - char yield) at each heat-treatment temperature was similar to the data obtained from TGA, 
however, they were not exactly same because of the Limitation for temperature control in the furnace 
during heat-treatment using an electric furnace. Atomic hydrogedcarbon ratio of char fraction 
decreawd as the heat-treatment temperature increased. The decrease of H/C for a series of char 
samples may be due to the structural change during heating or the devolatilization of light fraction. 
In order to obtain more detailed information about the structural changes during the h e a t - t r e m t ,  
we measured solid-state "C NMR spectra of the char samples. The spectra were shown in Figure I 
together with carbon aromaticity, L, evaluated from the "C NMR spectra for each sample. 
Althoughf, of raw coal was different (0.83 and 0.79 for GNY and WIT, respectively),f, values of 
the heat-treated samples became similar. Then, the "C NMR spectra were divided into 16 Gaussian 
peaks by referring to the assignment of carbon types in several model compounds, and we estimated 
the carbon distribution for each sample. We evaluated the change of amounts of each type of carbon 
based on the carbon distribution of char samples, their elemental analysis data and char yields. The 
data indicated the remarkable disappearances of the region of CH,, CH3 and oxygen or carbon 
substituted aromatic carbon. On the other hand, amounts of other type of aromatic carbon did not 
change. These results supported that elimination of alkyl side chains underwent during the heat- 
treatment at the temperature of coal plastic range but other structural changes such as the increase of 
aromatic cluster size did not occur. Furthermore, release of CH, was observed at temperature range 
of 400 - 600°C by TG-GC[2], and the decrease of WC during heating could be explained by the 
release of aliphatic rich volatile fraction. 

In the previous paper[2], we reported that the amount of volatile materials from coal at the 
temperature between maximum fluidity temperature and resolidification temperature was important 
for the appearance of coal plasticity. Furthermore, we analyzed the tar fractions from TG furnace by 
field desorption-mass spectroscopy to observe molecular weight distribution and aromaticity of the 
fractions, and indicated that the different rank coals provided volatile components with different 
composition. In this viewpoint, we analyzed tar fraction obtained from the heat-treatment of two 
kinds of coals by FT-IR and gas chromatography. For the materials which can be detected by gas 
chromatograph, a series of aliphatic hydrocarbons and complicated mixture of hydrocarbons were 
observed for WIT and GNY. The aliphaticity (evaluated from the ratio of peak intensity of 3040 
cm" to that of 2956 cm-l) of tar fractions for these coals seemed to be high in the FT-IR spectra 
(Figure 2). However, as the heat-mtment temperature increased, the aliphaticity of tar fraction 
evaluated from FT-IR spectra dropped. Therefore, the volatile materials in the plastic stage had 
higher aromaticity than those before softening. We can calculate apparent WC ratio of the volatilized 
fraction (including lighter fraction than tar) based on the yield of char and elemental analysis data of 
raw coal and the char. It was higher for GNY than for WIT. FTIR results did not agree with them, 
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but we can explain this by the fact that GNY coal released more amount of CH, during the heat- 
treatment as reported previously[21. 

SUMMARY 

We obtained the information concerning about aliphatic portion of two sample coals by using RICO 
reaction, which oxidize aromatic carbon in coal, and we observed the structural changes during 
heat-treatment of two coals. As to the structural features of original coal, RICO reaction implied that 
longer aliphatic chains or bridges were existed in WIT than in GNY, and the size. of aromatic cluster 
for GNY was evaluated to be somewhat larger than that for WIT according to the "C NMR data 
The structural changes during heat-treatment were also observed. The increase of fa and the 
decrease of H/C were observed in the char fraction, while the tar fraction has aliphatic carbons 
richly. The differences of structural feature and pyrolytic behavior between coking and non-coking 
coals were not so large, therefom, it is interesting to pay attention to the detailed analyses of both 
volatile fractions before softening and in the plastic range. 
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Figure 1. The yields of (a) monocarboxlic acids and (b) dicarboxylic acids 
from RICO reaction of GNY and WIT. 
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Table 1. The yields of char and tar after heat-treatment of coals and atomic 

, 

WC of char - 
Heat-treatment Yields (wt%, db.) Atomic WC ratio 

Coal temperature ("c) Char TX of char 
GNY raw coal 0.69 
GNY 391 97.5 1.4 0.68 
GNY 45 6 89.2 7.5 0.59 
GNY 498 86.9 11.0 0.56 
w raw coal 0.65 
w 412 90.0 4.8 0.63 
WIT 432 87.0 6.9 0.60 
w 446 85.6 6.4 0.59 

PPm 200 100 0 PPm 200 100 0 
Figure 2. I3C NMR spectra and their carbon aromaticity f&) of original coals and 
char samples after heat-treatment. 
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Figure 3.R-IR spectra of the tar fraction obtained from the heat-treatment of WIT coal 
at (a)412, (b)432 and (c) 446 "C and GNY coal at (d)397, (e)456 and (f)498 "C. 
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POWELLTON EAGLE PIITSBURGH#8 
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The hexane-soluble fractions were subject to analysis using GC-MS and SimDis GC. Semi- 
quantitative analysis was performed using a Shimadzu GC 17A linked to a QP5000 MS and fitted 
with a Restek XTI-5 30 meter column. Boiling point distributions were measured using an HP  
5890 u plus instrument with and FID and fitted with a 6 meter Restek MXT-500 SimDis colUmn. 
Ultimate analysis was performed on the coke products using a LECO 600 CHN analyzer and a 
L E c o  MAC 400 was used for proximate analysis. Optical microscopy was also performed to 
determine how the coal and the resids interacted in the coke products. 

Results and Discussion 

Table 2 shows the overall distribution of the liquid and solid products obtained from co-coking 
experiments at temperatures of 450, 465, 475 and 500 "C respectively. From these results we 
can conclude the general trend that as the temperature increases the coke yield increases while the 
liquid products decreases. Similar conclusions were shown in the work carried out by Hossain 
and co-workers [7], in that the higher the internal pressures in the tubing bomb reactor the higher 
the solid carbon yield. In our system the higher temperatures promotes greater decomposition of 
the liquid phase to gaseous products, which in turn leads to higher internal pressure, and thus 
higher coke yields. 

Table 2: Percent yields for the solvent fractions from coxoking experiments using Eagle, 
Powellton, and Pittsburgh coal plus coker feed at 450,465,475, and 500 "C 

Reactions preceded by a Co- indicates cocoking experiments. 

GC-MS was performed on the hexane soluble fractions to obtain the specific compound 
distribution of the products from these experiments. The major peaks and volume percents were 
identified and based on the total area under the peaks. From Table 3, we can see that as the 
temperature of the reaction is increased, the presence of aromatic compounds increased. This 
would indicate that the coal conversion and the inclusion of coal derived material in the products 
was increasing. The coker feed on the other hand consisted of mainly saturated alkanes, which we 
see contributed to the high content of alkanes for the cocoking reactions at lower temperatures. It 
is also worth noting that the different coals produced coal-derived compounds at similar reaction 
temperatures. For example, co-coking experiments performed at 465 "C with Eagle produced high 
quantities of naphthenes, Pittsburgh produced high quantities of pyrenes, and Powellton had 
compounds that averaged out across the range of those identified. In addition we can see that in 
the identified products from co-coking, with the exception of Eagle at 465 "C, that no phenols have 
been identified. This suggests that their numbers have been sufficiently reduced under the reaction 
conditions, possibly due to their inclusion in the propagation reactions that lead to coke formation, 
and thus, their removal from liquid products. These compound distributions obtained from co- 
coking experiments showed similarities with the products derived from flash pyrolysis experiments 
by Nip et al[7]. 

Tables 4 shows the percentage yields of methyl substituted compounds that were identified in the 
oil fraction from co-coking experiments. CI, C2, C3, etc. correspond to mono, di, and tri 
substituted compound, respectively. It is clear to see that heat-treated coker feed does not 
contribute ahy significant quantities of substituted aromatic compounds to the oil fraction (see 
Table 3). Therefore all the aromatics identified come from coal-derived material. 

Once again it can be seen that the different coals produced compounds with differing levels of 
substitution. Thus indicating the differences in the molecular composition of the coals, even 
though they are of the same rank classification. The most likely reason for this would be in the 
subtle structural differences in the reactive macerals, although this is difficult to piove. The 
increases in temperature are exemplified in the series of tests performed on Powellton coal between 
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450-500 "C. The general trend shown is that with an increase in temperature, there is a decrease in 
the amount of substitution in the compounds after the reaction is complete. This is due to the 
increased cleavage of the methyl groups from the ring at elevated temperatures, with formation of 
gaseous products. Although not reported, this does also contribute to a reduction in the WC ratio 
in the products at higher temperature. 

Ultimate analysis and optical microscopy was performed on the THF-insoluble to give an 
indication of the quality of the coke products k i n g  formed. Figure 1 shows that the WC ratio 
for the products from co-coking have a lower value than the individual heat-treated feeds. If we 
calculated the WC ratios for the products from co-coking from the results of the feeds coked 
individually, the estimated value is higher than the actual result from the cocoking experiments. 
This suggests that in co-coking we are enhancing coke formation and the formation of a more 
carbon-rich product. This is different from what other researchers, such as Tanabe and Gray [81, 
have seen. In their study the presence of fine particles such as clays, inhibited coke formation 
during the heat-treatment of vacuum resids. 

The optical microscopy results indicated that the coal was contributing more to the mass of the 
coke product than the petroleum resid. The optical microscopy results also concluded that good 
mixing was occumng in the reactor between the resid and coal. Which was also a conclusion we 
gained from fluidity studies which were performed on the feeds and mixtures, that showed both 
the coals and coker feed were fluid over the same temperature range, and underwent 
devolatilization at the same rate. In addition optical microscopy gave a gwd  indication of the fine 
mosaic stmchms formed during the cocoking conditions. Although there was little evidence to 
support the homogenizing of the two phases - coal and resid - the analyses showed interesting 
features. Amongst them were the influences of coal particle size on the degree mesophase 
formation and the elongated fluid structures from the coal, which were produced during the 
reactions. 

Simulation distillation GC was performed on the hexane soluble fractions produced, to obtain 
boiling point distributions. For this research, the primary temperature range'that was desired for 
the hexane soluble fraction to fall within was the jet fuel range. The jet fuel range is defined as 
liquids falling within the 200-260 "C temperature ranges. Figure 2, shows the boiling range for 
the three different coals with the coker feed, as well as the coker feed and heat-treated coals only, 
reacted at 465 "C. We can see the effect of combining both the coker feed and the coal lowers the 
yield of the jet fuels fraction by about half. It seems that the coal is acting as a catalyst for 
decomposition. When coal is present there is both in increase in gas and coke yields. Couple 
this with a decrease in liquids yields, we can assume the extra coke and gas come from the 
decomposition of the coker feed. One reason for this decomposition may be due to the presence 
of relatively high quantities of phenols being produced from the coal under the reaction 
conditions. Phenols are known to be good sources of radicals, which in turn can initiate 
retrogressive polymerization reactions, and the increased yield of coke. 

Conclusions 

From the work performed so far in the sealed batch reactor systems, we believe that 465 "C is the 
best temperature to produce the best quality oil fraction and carbon-rich product at reasonable 
yields. Further study will include feed ratio studies, alternative feeds and the effects of reaction 
length on yields. Future investigation of product characterization from this cocoking process 
will include the use of a vented reactor to increase the yield of liquid products at the optimum 
operating temperature of 465 "C, while still maintaining a relatively high yield of carbon-rich 
coke. 
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Eagle450 
POW450 

Coket 465 
CoEagle465 
COPilts 465 
COPOW450 
Copow465 
COPOW 475 
COPOW 500 

Oil Bervenes Phenols Alkanes Napthenes Fhorenes Anthracenes/ 
Yield Phenanthrenes 
4.4 - 0.30 0.31 0.53 0.17 
2.3 0.20 0.13 0.27 0.02 0.11 
47.7 - - 18.28 0.97 
13.2 0.19 0.16 1.30 2.99 0.19 0.75 
16.9 - - 2.06 1.89 0.35 
32.2 - - 11.34 
14.1 0.13 - 0.47 2.62 0.11 0.97 
7.7 0.32 - 1.84 0.11 0.77 
6.7 - 1.52 0.11 0.91 

Pyrenes 

0.18 
0.13 
0.29 

Benzene Phenols 
REACTION 

? 

Naphthenes 

Table 4. Yield of substituted compounds in hexane soluble fractions from co-cokhg studies. 
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Figure 1. W C  ratios of THF insoluble products from coking experiments performed at 450 "C. 
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Figure 2. Boiling point distribution analysis of hexane soluble fraction from select co-cokmg 
experiments at 465 "C. 
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